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ABSTRACT 
The Efficacy of Plant Residue Degradation Products on 
Phosphorus, Iron, Iodine, and Fluorine 
Bioavailability to Plants 
by 
Cheryl L. Mackowiak, Doctor of Philosophy 
Utah State University, 2001 
Major Professor: Dr. Paul Grossi 
Depaiiment: Plants, Soils, and Biometeorology 
111 
Plant and animal wastes degrade in soils to form relatively stable humified 
compounds, which form ion complexes that affect the bioavailability of elements in the 
soil solution. Hydroponic studies with wheat and rice were conducted to characterize the 
effect of humic acid (HA) on phosphorus (P), iron (Fe), fluorine (F), and iodine (I) 
bioavailability. Ferrihydrite [Fe(OH)3] precipitation was greater on root surfaces without 
HA or synthetic chelates. Oxides such as ferrihydrite strongly adsorb P and provide 
exchange sites for metals . HA reduced this precipitate and increased P and Fe uptake . 
Humic acid had no effect on F toxicity in rice, where solution levels above 0.5 
mM F inhibited growth. Data supported the hypothesis that in moderately acidic 
solutions (pH< 6), F uptake is primarily as HF rather than F. Doubling solution Ca 
caused a 10-fold increase in root surface CaF2 precipitates, but the additional Ca did not 
decrease F toxicity. Calcium levels above 1 mM caused HA to flocculate over time, but 
lV 
the addition of F reduced flocculation by competing with HA for Ca. The majority of 
shoot F was apparently associated with the middle lamella, suggesting that F may bind 
with phosphates and pectate-Ca . 
Organic matter promotes aqueous iodine (h(aq)) reduction tor, a less toxic 
species. HA reduced h( aq) toxicity by 50%. In solutions without HA, 6.5 µM h(aq) was 
more toxic than 30 µMr. Humic acid had no effect on r uptake or toxicity, where rand 
103- were toxic to rice at 10 and 100 µM , respectively. 
These data were used to model element cycling through plants in a regenerative 
human life support system for NASA 's Advanced Life Support program , where HA, P, 
Fe, F, and I from plant residues and human wastes are recycled to the crop production 
system. 
(223 pages) 
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CHAPTER 1 
INTRODUCTION 
Regenerative life support systems will be required for long duration space 
missions, as resupply becomes increasingly difficult (Barta and Henninger , 1994). 
Higher plants can play a principal role in such a system by providing food, purifying 
water, and regenerating oxygen (Wheeler et al. 1996). Two critical aspects of using 
plants in a regenerative life support system are 1) sustaining the basic nutritional needs of 
the plants throughout a mission; and 2) recycling water and nutrients from liquid wastes 
back to the plant system without adversely affecting plant growth . The challenge is to 
create an efficient crop production system by integrating both aspects (Fig. 1-1 ). 
a 
resupply 
, 0 (outside) 
-·0 O· 
consumption excretion 
[) harvestable 
=·····~"--··"'_,. __ ,, ____ 0 == ·=-~·--
=0 - .... ~.,-
plant uptake 
inedible waste 
recovery 
Fig. 1-1. Simplified diagram of element cycling in a bioregenerative life support 
system, where boxes = stocks and valves = fluxes. Resupply represents outside 
supply if recycling does not meet daily human requirement. Solid phase 
represents the nonrecoverable elements that may drop out of recycling, i.e., CaF 2, 
2 
HUMIC SUBSTANCES CHARACTERIZATION 
When plant residues are added to soil systems, most of the material is quickly 
decomposed. Initially, the water-soluble fraction of plant residues decomposes followed 
by structural carbohydrates and lignin degradation. Of the total carbon (C) added, the 
bulk (60-80%) is soon converted to carbon dioxide (CO2) and returned to the atmosphere. 
About 5-15% is incorporated into the microbial biomass, and the remainder is stabilized 
as new humus (Stott and Martin, 1990) (Fig. 1-2). Humus or humic substances are 
involved in mineral weathering and in the mobilization and transport of metal ions. 
Humic substances are comprised ofhumic acids (HAs) , fulvic acids (FAs) , and humin. 
The HAs and F As are operationally defined as hydrophobic acids isolated on XAD-8 
resins (Thurman, 1981 ). Humic acid is the portion that is soluble in base but insoluble at 
pH < 2.0, while F As are soluble at all pH values. Humin is the fraction of humus that is 
insoluble under all pH conditions. FAs are smaller (about 500 to 2000 daltons) than HAs 
(1000 to 10,000 daltons) and F As tend to have a lower C content and higher O content 
then HAs, resulting in a lower C:O ratio. Carboxylic acids are the predominant reactive 
functional groups of humic substances. They are responsible for pH buffering , metal 
complexation reactions, and the high cation exchange capacity associated with organic 
matter. 
In aquatic systems, about 25 to 40% of plant residue materials may be solubilized 
in 24 h (Thurman, 1985), although this time can be greatly reduced in controlled systems 
(Garland and Mackowiak, 1990). The dissolved organic carbon content from the initial 
plant residue leaching is comprised of simple carbohydrates and colored organic acids. 
The colored organic acids have molecular weights < 1000 daltons and are similar to 
3 
fulvic acids in aquatic systems (Thurman, 1985). Grossl and Inskeep (1996) reported 
that the dissolved organic matter content of a wheat straw leachate consisted of 91 % acid 
soluble extract (F As) and 9% "HA " precipitate . Mackowiak et al. (1996) found that 
plants were stressed by the addition of leachates into hydroponic systems, but 
incorporating the more hurnified bioreactor effluent resulted in plant growth and vigor 
similar to the control treatment. The bioreactor effluent likely had a higher C:O ratio , 
indicative of a more weathered product than the unprocessed leachate , and thus was less 
destructive towards root tissues. In addition , the bioreactor effluent tended to buffer 
nutrient solution pH, thus reducing the system's acid/base requirements (Mackowiak et 
al., 1996). 
Air 
(25%) 
Mineral 
(45 - 50%) 
Humin 
(insoluble) 
Organic 
(0.5-5%) _ __.. . Soil Organic Matter 
Living 
Unaltered material 
Humic acids 
(insoluble < pH 2) 
Carbohydrates, 
amino acids, 
lipids, etc. 
Fulvic acids 
(soluble) 
Fig. 1-2. Soil volume pie chart and the associated components of soil organic 
matter, in particular the humic substances humin, humic acids, and fulvic acids. 
4 
Although similar in many ways, some compositional differences exist among 
humic substance sources. Comparisons of commercial HAs from five different suppliers, 
along with HA and FA isolated from water , soils, and peat, showed similar elemental 
composition . However , 13CNMR spectroscopy provided differences among the sources 
relative to metal complexing , where commercial peat HA had greater complexing ability 
than HA isolated from water or soils (Malcolm and Maccarthy, 1986). Ayuso et al. 
( 1996) also found differences among sources of HA, but all forms improved plant growth 
in calcareous soils, with those isolated from municipal wastes performing better than 
commercial peat HA. Humic substances isolated from bioreactor effluents will likely 
share characteristics with municipal waste HA, since the effluent is aerobically 
processed , similar to some of the methods used with municipal waste. Understanding 
where this unique material lies within the realm of organic matter from various sources 
will help predict its activity in bioregenerative systems and provide data for chemical 
speciation modeling. Models, such as GEOCHEM-PC (Parker et al., 1995b), have been 
commonly used to calculate metal activities in solution (Bell et al., 1991) and thus should 
be applicable for predicting nutrient bioavailability in bioregenerative hydroponic and 
substrate cropping systems containing soluble biowastes . 
NUTRIENT BIOA V AILABILITY 
Nutrient bioavailability depends on how readily plants can access nutrients from 
solution phases. Regardless of the type of growth medium used, be it hydroponics or 
solid substrates, it may be difficult to maintain the long-term bioavailability of many 
nutrients . In one respect, the bioavailable recovery of some nutrients, such as phosphorus 
5 
(P) and iron (Fe) from inedible crop residues, is less than 60% (Garland and 
Mackowiak, 1990; Mackowiak et al., 1996). In addition, when nutrient solution pH 
becomes alkaline, P and many micronutrient metals [Fe, zinc (Zn), and copper (Cu)] tend 
to form insoluble minerals, resulting in suboptimal plant growth. Even though the bulk 
hydroponic nutrient solution is maintained at an adequate pH, the pH at the surface of 
nonstressed roots can increase to unacceptable levels when anion uptake exceeds cation 
uptake (Marschner and Romheld, 1996). A higher pH near the root surface may increase 
precipitation of P and various micronutrients. 
Soluble organic matter can coat mineral solids that normally control 
precipitation/dissolution reactions. In the case of P, soluble organic matter coatings may 
lessen P precipitation by poisoning sorption sites , similar to what was found with 
hydroxyapatite crystal growth (Grossl and Inskeep, 1991). Additionally , Fe 
bioavailability in soils can increase through the formation of soluble Fe-organic matter 
complexes, which enhances the dissolution of normally insoluble Fe-oxides (El gala and 
Amberger, 1982;Lindsay, 1991). 
As early as 1951, synthetic chelates were being tested in plant systems as a means 
for chelating Fe (Jacobson, 1951 ). Today, chelates are considered an essential part of 
nutrient solution recipes for hydroponic systems. However, there are some inherent 
concerns regarding the use of synthetic chelates: 1) Excess chelate can induce 
micronutrient (i.e ., Cu, Zn, and Mn) deficiencies in solution culture by complexing the 
nutrient, making it less available to the plant; 2) the use of synthetic chelates in fields 
tends to be cost prohibitive; and 3) bioregenerative systems would have to have enough 
synthesized chelate to last the mission. 
6 
Soluble organic matter, particularly HA and FA, contain carboxyl and phenolic 
functional groups that complex metal ions and increase cation bioavailability. However, 
metal ions are not held as strongly to HA functional groups as to synthetic chelates 
(Aiken et al., 1985). It is unlikely that humic substances from bioreactor effluent could 
totally supplant chelates normally used in hydroponics, namely , hydroxyethyl-
ethylenediaminetriacetic acid (HEDTA) and ethylenediiminobis(2-hydroxyphenyl)acetic 
acid (EDDHA). Even so, the incorporation of humic substances into nutrient solutions 
may lessen the overall chelate requirement. The interaction of soluble organic matter 
with solid-solution-plant reactions needs to be further investigated so that more efficient 
regenerative life-support systems and field production systems can be developed and 
managed. 
Phosphorus 
Phosphorus in the plant primarily exists as the phosphate ion (H2PO4-) 
(Marschner, 1995). Phosphate is featured in some of the plant's most important 
biochemistry . It is part of phospholipids and nucleic acids, and it forms the high energy 
bonds in adenosine triphosphate (ATP). Phosphate helps modulate enzyme activity via 
kinases and phosphatases. It can be stored in seeds as phytic acid , which readily forms 
complexes with Ca, Mg, Zn, and Fe and provides a reservoir of cations for later use by 
the plant. Excess P as H2PO4- is also stored in vacuoles until needed. 
Phosphorus bioavailability in soil and hydroponic solutions is a function of 
chemical reactions that include precipitation-dissolution and adsorption-desorption 
processes occurring at aqueous/solid interfaces. For example, at pH values near neutral 
7 
and above, dicalcium phosphate dihydrate (DCPD), octacalcium phosphate (OCP), and 
hydroxyapatite (HAP) are major P solid phases in soils (Lindsay, 1979). 
Thermodynamically, HAP is predicted to control phosphate activity in soil solutions 
(Lindsay, 1979; Stumm and Morgan, 1981 ); however, more soluble phases such as 
DCPD, OCP, and surface-adsorbed phosphate frequently control phosphate activities for 
considerable lengths of time (Fixen et al., 1983; O'Connor et al., 1986; Amacher et al., 
1995). The metastability of these more soluble solid phases with respect to HAP, whose 
formation is relatively slow, suggests that kinetics play an important role in regulating 
phosphate activities in natural waters. Mineralization of organic-bound P contributes 
much of the required P for plants and microbes in soils. Phosphorus also shows some 
binding ability with humic substances, and this increases greatly when the humic 
substances are additionally complexed with Fe or Al (Gerke and Hermann, 1992). 
Iron 
Iron plays an important role in plant redox reactions. As part of the ferredoxin 
molecule, Fe is a key electron transmitter in photosynthesis, and a key electron donor in 
nitrite, sulfite, and oxi reductases (Marschner, 1995). Additionally, Fe is the central atom 
in the porphyrin ring that becomes cytochrome and Fe makes up the prosthetic group of 
several heme enzymes. Since Fe readily binds with ligands, it is typically stored in plant 
cell plastids as the Fe protein complex, phytoferritin. 
Iron solubility in soils and nutrient solutions is low, where its availability is 
predominantly controlled by insoluble ferric oxides and hydroxides (Lindsay, 1979) and 
also by iron phosphate in hydroponic solutions (Parker et al., 1995a). However , Fe 
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bioavailability is enhanced by forming complexes with soluble organic matter and 
chelates, particularly in hydroponic solutions . The log formation constants for EDDHA, 
HEDTA, ethylenedinitrilotetraacetic acid (EDTA), and citric acid with Fe3+ are given as 
35.4, 21.0, 26.5 , and 12.3, respectively (Norvell, 1991), while the formation constants for 
FAs and HAs at pH 5 are lower (12 - 14) (Pandeya , 1993; Takahashi et al. , 1997). Thus , 
FA and HA will more readily release bioavailable Fe. 
Even with organic complexing agents, substantial precipitation may occur. For 
example , a nutrient solution containing 25 µM HEDTA and 35 µM Fe3+ will lose nearly 
half of its total Fe to solid phases, based on GEOCHEM-PC calculations (Parker et al., 
1995b ), but less than 5% of total P will be lost to solid phases. It is apparent that in order 
to know how much Fe is available, the soil or hydroponic solution chemistry must be 
well characterized . 
FLUORINE AND IODINE BIOA V AILABILITY 
Pitts and Drysdale (1998) modeled nutrient mineral transport in a hypothetical 
regenerative life support system and found that some human nutrients could reach toxic 
levels in the plant system if recycling was used . Toxic levels were reached most rapidly 
for F > Na , > Cl, > I, over a period of 1, 8, 32, and 65 years , respectively (Pitts and 
Drysdale, 1998). These calculations were based on a 10-year mission and recovery rates 
were estimated from biologically processed human and plant wastes. The calculations 
did not include the recycling of material wastes (paper products), nor was chemical 
speciation modeling used to determine element availability over time. For example, as F 
forms CaF 2 precipitates, the time to reach F toxicity may be greatly increased or may 
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never occur (Appendix B). Additionally, if redox conditions or the inclusion of organic 
matter favors a particular I species, then toxicity levels may be differ from those shown in 
the Pitts and Drysdale (1998) model. Accurate calculations of F and I nutrient 
interactions with solids, solutions, and plants is also critical in various regions of the 
world , where low soil I has resulted in human I deficiencies or conversely, where high 
soil F or I results in plant and animal toxicities. 
Fluorine 
Debate continues whether F (absorbed as the fluoride ion F) is truly an essential 
element for humans , but animal essentiality has been found in some studies (Nielsen , 
1996). Optimal F levels reduce the occurrence of dental caries (cavities) and may play a 
role in maintaining skeletal integrity (Hunt and Groff , 1990). In the United States , 1.5 -
4.0 mg d-1 is considered safe and adequate for the prevention of dental caries (National 
Research Council , 1989), which is in agreement with proposed NASA allowances for 
Advanced Life Support (Lange and Lin, 1996). Fluoride is found at very low levels in 
unprocessed food ( < 1 mg kg-1) but it can be higher in foods that are processed with 
fluoridated water, and animal products usually contain higher F levels than plant products 
(Hunt and Groff, 1990). 
The alkaline soils of arid regions, such as some locations in India, contain high 
soil F concentrations. Prolonged irrigation causes F leaching, resulting in groundwater 
contamination (Datta et al., 1996). Various anthropogenic sources contribute to F 
pollution, i.e., phosphate fertilizer plants, the burning of some types of coal, and most 
importantly, Al smelters. Quebec, Canada, being a major world Al producer, emits 2,600 
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tons yr · 1 of F as HF (g) (Simard and Lafrance, 1996), which can enter the food chain 
via deposition on vegetation or soil. 
As is the case with P, F bioavailability is governed by sorption reactions that 
include precipitation-dissolution and adsorption-desorption processes occurring at 
aqueous/solid interfaces. These processes are highly pH dependent. For example , 
fluorapatite (Ca5(PO4) 3F) is a stable form of F in alkaline soils but it is unstable in acid 
soils. Thermodynamically, the control of F solubility in soils is highly pH dependent, 
where the solid phase AlF 3(s) controls F solubility in strongly acid soils, CaF 2(s) controls 
solubility in slightly acidic soils, and KMg3AlSi3O10F2 (fluorophlogopite) controls 
solubility in neutral and alkaline soils (Elrashidi and Lindsay, 1985). Based on F stability 
diagrams by Elrashidi and Lindsay (1986) , F may form several mineral precipitates in 
bioregenerative systems at pH 6, i.e., Ca5(PO4) 3F (fluoroapatite), CaF2 (fluorite) , and 
MgF2 (sellaite) , since nutrient solutions contain high levels of Ca, P, and Mg. It is also 
possible for F to form minor aqueous complexes with Fe (FeF3) , Zn (ZnF2), and Cu 
(CuF2 · 2H2O) (Elrashidi and Lindsay, 1986). Fluoride has been shown to increase the 
solubility of organic matter in soils by forming organic-Alf compounds (Arnesen , 
1997a). It is uncertain how F would react with humic substances in hydroponic solutions. 
In some cases, F will combine with soil Al and the plants will take up both 
elements, leading to combined F and Al toxicities (Arnesen, 1997b ). Clover and ryegrass 
grown in heavily polluted soils(> 200 mg kg"1 F) had tissue levels near 30 mg kg· 1 F (the 
maximum allowable level for hay in Norway) (Arnesen, 1997b ). Fluoride applied at 100 
mg kg·1 to an acid soil inhibited barley growth but F had no effect when plants were 
grown in alkaline soils (Elrashidi et al., 1998), suggesting precipitation reactions with soil 
Ca. Additionally, Horner and Bell (1995) found 100 mg kg-1 Fin solution culture 
inhibited wheat growth at pH 4 but not at 4.6 or 5.6. Toxicity levels may vary among 
plant species. For example , solution culture F levels of 32 mg L-1 had no effect on oat 
shoot growth but F significantly inhibited tomato shoot and root growth at pH 6. 7 
(Stevens et al., 1997). 
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It is generally believed that plants take up F as F, but recent attention to chemical 
equilibrium modeling suggests that HF uptake may dominate in moderately acidic 
environments. Studies demonstrated that F toxicity was greater in rye grass, wheat, and 
tomato as HF activity increased (Horner and Bell , 1995; Stevens et al., 1998). Although 
HF activity is typically a fraction ofF activity, Gutknecht and Walter (1981) found HF 
membrane permeability was approximately ten million times greater than F permeability. 
As pH increases, HF activity decreases significantly so only F- activity remains a concern 
in neutral or alkaline soils. 
Iodine 
Iodine is an essential micronutrient for humans, where 150 µg is the U.S . 
recommended daily requirement for adults (National Research Council, 1989). 
Volatilization from oceans, with subsequent precipitation is the source of most dietary I 
(Fuge and Johnson, 1986). Thus, people living far removed from oceans require I 
supplements to prevent the various mental and developmental problems associated with 
deficiency (Dunn, 1992). Although easily treated, I deficiency continues to be a problem 
for approximately one fifth of the world's population. Goiter, or enlargement of the 
thyroid, has been recognized for many years as a symptom ofl deficiency. It is 
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interesting to note, if F intake is high, it may competitively inhibit thyroid I absorption 
(Li et al., 1998). In severe cases, deficiency can result in cretinism, a form of mental 
retardation. Iodine deficiency is in fact the largest preventable cause of mental 
retardation worldwide (Cao et al., 1994). Iodine toxicity has gained attention over the 
past few decades . Since the start of the nuclear age, the deposition of I isotopes from 
nuclear power and military industrial activities has increased long lived 1291 (half life of 
15.7 million years) in oceans over one order of magnitude (Raisbeck and Yiou , 1999). 
By concentrating itself in the thyroid, radioacti ve I can damage the thyroid and lead to an 
increased risk of thyroidal cancer. 
More recently, various I products have been included for testing as meth yl 
bromide alternatives in soil disinfestation, since methyl bromide harms the ozone layer 
(Ohr et al., 1996; Kokalis-Burelle and Fuentes-Borquez , 2000). Additionally , solid 
quaternary ammonium ion exchange resins loaded with poly iodides are being developed 
for use in the International Space Station and possibly other NASA missions as a means 
of potable water disinfection (Colombo et al., 1978; Parker et al., 1999) 
Mineral phases do not control soluble I in most soil systems. However , the pH 
and electrochemical redox conditions will determine which of several I species prevail. 
For example, iodide (r) is the dominant I species in most soils but iodate (103-) 
predominates in dry, highly oxidized soils. As expected, the ratio of r to 103- is strongly 
dependent upon the electrochemical redox conditions (Fuge and Johnson, 1986). 
However, both forms may coexist in some soils (Yuita, 1992), as well as organically 
bound I (Tikhomirov et al., 1980; Yamada et al., 1999). Additionally, more I is retained 
by soils with greater microbial activity and organic matter (Koch et al. , 1989). Elemental 
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iodine (lz(aq)) is readily reduced to r in soils or volatilized as lz gas. Therefore it is not 
typically found in soils. 
The degree of plant response to I toxicity is dependent on the soluble I species. 
Mynett and Wain (1973) found lz(aq) was much more toxic than rand Mackowiak and 
Grossl (Chapter 6) determined r was more toxic than 10 3-. Boszormenyi and Cseh 
(1960) determined that excised wheat roots exposed to 10 3- would absorb I only as r. 
Perhaps the heavier, higher valency 10 3· makes it less available for plant uptake (Umaly 
and Poel, 1971 ). Since root ion uptake is determined primarily by transport across 
membranes, ion diameter and valency play major roles in membrane transport rates 
(Marschner, 1995). Very low concentrations ofI (0.02 - 0.2 mg kg-1), regardless of form, 
were beneficial to several crop plants, particularly halophytes (Pauwels, 1961 ). Yuita 
(1982) found rice leaf I in the range of 0.4 - 1.6 mg kg· 1 when grown on soils containing 
2 - 6 mgr kg· 1 soil. These values are similar to sampled herb and forest plants in the 
region, suggesting that the overall availability of I played a greater role in plant I content 
than did plant species. 
Iodine is mainly retained in the roots of several plant species, and transport to 
shoots increases with increasing soil I (Whitehead, 1973). Plants accumulate low levels 
of I, similar to fluorine, not the relatively high levels associated with bromine and 
chlorine (Whitehead, 1975). In KI foliar spray studies, Herrett et al. (1962) concluded 
that r transport was primarily via the xylem, with little to no phloem transport, 
suggesting that I would not readily accumulate in grain. This is in agreement with studies 
by Sheppard and Evenden (1992) and those presented in Chapter 6. 
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RESEARCH OBJECTIVES 
The overall goal of this research was to study plant residue degradation products, 
namely HA, in regards to Fe solid phase formation in hydroponic solutions and 
characterize HA interactions with other waste-derived elements, i.e., P, F, and I. A 
flowchart shows the research steps involved, from characterizing the humic substances , 
testing inorganic element interactions in hydroponics, and testing the interaction of HA 
with inorganic elements in hydroponics in order to create data for nutrient cycling models 
in a NASA Advanced Life Support (ALS) system (Fig . 1-3). Simulation modeling was 
limited to F and I without HA (Appendix B). 
Soluble waste effluents 
/' Organic compounds 
l 
Inorganic elements 
l 
Humic substances Bioavailability in 
characterization 
' / 
hydroponics 
Rhizosphere interactions 
l 
Nutrient cycling model development 
Fig. 1-3. Flowchart representing the soluble waste research as it pertains to a NASA 
advanced life support (ALS) system. Nutrient cycling modeling was limited to F 
and I in systems without humic acid (Appendix B). 
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Specific research hypotheses were as follows: 
1. The soluble component of biologically processed plant residues at the Kennedy 
Space Center is composed of hydrophobic acids , i.e., humic and fulvic acids. 
2. Iron oxides are the major Fe solid phases controlling Fe availability in hydroponic 
solutions. 
3. Metal ion complexation by HA lessens the requirement of synthetic chelates , such 
as HEDT A in hydroponic solutions. 
4. Fluoride solubility in hydroponic solutions is controlled by fluorite (CaF2) and Ca 
will reduce F toxicity by forming CaF2 precipitates. 
5. Iodine plant toxicity response is in the following order, h(aq) > r > 103-, and 
incorporating HA will mitigate h(aq) toxicity via its reduction to r. 
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CHAPTER2 
ISOLATION AND CHARACTERIZATION OF SOLUBLE PLANT RESIDUE 
DEGRADATION PRODUCTS 
ABSTRACT 
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Soluble iron (Fe) is difficult to maintain in soil and hydroponic solutions because 
it frequently precipitates as insoluble phosphates and oxides . Complexing agents, such as 
natural organic acids or synthesized chelates, reduce Fe precipitation . The soluble 
component of biologically degraded plant residues from a NASA bioreactor was 
fractionated and the hydrophobic acid portion was chemically characterized . The 
component comprised roughly 50% of the dissolved organic carbon and was a mixture of 
metal complexing humic and fulvic acids. Seeded crystal growth trials were conducted to 
test the interaction of Fe and phosphate when either FePO 4 or Fe-oxide crystallites were 
introduced. Bulk solution Fe quickly precipitated as either FePO 4 or Fe-oxides, with or 
without added HA. The FePO 4 seed did not affect bulk PO4-P solution concentrations 
but ferrihydrite seeding promoted rapid P sorption to the seed . Addition of a peat humic 
acid at 2 mM C inhibited P sorption to ferrihydrite . 
INTRODUCTION 
Regenerative life support systems will be required for longer duration space 
missions as resupply becomes increasingly difficult (Barta and Henninger , 1994). Higher 
plants can play a principle role in such a system by providing food, purifying water, and 
regenerating oxygen (Wheeler et al., 1996). Two critical aspects of using plants in a 
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regenerative life support system are 1) sustaining the basic nutritional needs of the 
plants throughout a mission; and 2) recycling water and nutrients from liquid wastes back 
to the plant system without adversely affecting plant growth. Phosphorus (P) and iron 
(Fe) may be limiting in regenerative systems. The bioavailable recovery of P and Fe from 
inedible crop residues is less than 60% (Garland and Mackowiak , 1990; Mackowiak et 
al., 1996). These nutrient ions often precipitate as insoluble solid phases , rendering them 
unavailable to plants . Consequently , soluble nutrients will need to be continually 
replenished in bioregenerative life support systems to maintain desired yields. 
Equilibrium-based geochemical modeling of hydroponic nutrient solutions below 
pH 6.5 predicts that Fe and phosphate are supersaturated with respect to Fe phosphates 
(Parker et al., 1995). Yet, there are no measurable signs of solid phase formation in 
freshly prepared nutrient solutions. For nucleation and subsequent precipitation to occur, 
an activation energy barrier that is dependent on the degree of supersaturation needs to be 
overcome. Nucleation refers to ion interactions that result in the formation of a critical 
cluster or nucleus from which spontaneous crystal growth or precipitation can occur 
(Stumm, 1992). Therefore, in freshly prepared nutrient solutions, supersaturated 
conditions have not likely occurred . The discrepancy between calculated equilibrium 
compositions and the observed composition suggests that solid phase formation is a 
kinetically controlled process . However, foreign solids such as roots may catalyze 
nucleation by providing a medium that lowers the activation energy barrier. For example, 
root surfaces of wetland plants are often coated with Fe and Mn oxides due to bulk 
solution Fe2+ and Mn2+ becoming oxidized near the root surface (Snowden and Wheeler, 
1995). 
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Soluble organic waste components (HA and FA), found in regenerative life 
support systems, may adsorb to root surfaces and poison active sorption sites, thus 
limiting solid phase formation in nutrient solutions by blocking sites acting as nuclei for 
new crystal growth (Grossi et al., 2000; Stumm, 1992). Sorption encompasses both 
surface adsorption/desorption and precipitation/dissolution phenomena. Here , adsorption 
refers to the net accumulation of metal ions in a two dimensional molecular arrangement 
at a solid/aqueous interface , while precipitation involves the formation of a three 
dimensional solid phase arrangement of metal ion from the solution. Soluble organic 
matter present in natural aquatic systems has been shown to compete with phosphate for 
sorption sites on oxide and clay surfaces (Lopez-Hernandez et al., 1986; Nagarajah et al., 
1970; He and Zhu, 1998). The proposed mechanism of inhibition is the adsorption of 
organic acids onto crystal surfaces, which blocks sites acting as nuclei for new crystal 
growth. 
The objectives of this work were 1) to isolate and characterize the hydrophobic 
acid component of bioreactor effluent, which is the basis for nutrient recycling within the 
hydroponic plant systems at Kennedy Space Center; 2) to determine the interaction of Fe 
and Pin a hydroponic system using controlled seeded crystal growth studies ; and 3) to 
determine if HA affects Fe-P interactions. 
MATERIALS AND METHODS 
Plant Degradation Product Isolation and Characterization 
Plant residues from controlled environment studies at the Kennedy Space Center, 
Florida, were aerobically degraded via an aerobic bioreactor (Finger and Alazraki, 1995). 
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Approximately 40 L of bioreactor effluent was passed through a 2-µm sieve prior to 
being refrigerated and shipped (next day delivery) to Utah State University. The effluent 
sample was diluted 1 :4 with deionized (DI) water to reduce the dissolved organic carbon 
(DOC) level to about 60 ppm. 
The extraction methods for isolating the hydrophobic acid component were 
similar to those used by Thurman and Malcolm ( 1981 ). Supelite DAX-8 (XAD-8) resin 
( 40 - 60 mesh) (Supelco, Bellefonte, PA) was conditioned in a 4-L beaker with 0.1 N 
NaOH. Fines were decanted off with daily rinses for 3 consecutive days. A 1-L column 
was then packed with the resin and back flushed with methanol for two days . The 
column was then rinsed with 30 L deionized (DI) water until the total organic carbon 
(TOC) of the rinsate was < 1 mg C kg-1 water. 
Effluent was diluted 1 :4 with deionized (DI) water (approximatel y 30 mg TOC 
kg-1 water) and acidified to pH 2.0 using 15 N HCl before pumping it through the column 
via a peristaltic pump. The flow rate through the column was approximately 10 mL min 1• 
After 20 L effluent had been processed, the column was eluted with 0.lN NaOH in the 
reverse direction until 2 L of eluate (pH > 7) had been collected. Methanol was passed 
through the column and the hydrophobic organic fraction (2 L) was collected . The 
column was then treated with an additional 4 L of methanol before rinsing with 25 L DI 
water. The resulting TOC was 600 mg kg-1, so the resin was discarded and replaced with 
new resin. Cleaning procedures continued as mentioned above and the remaining 
bioreactor effluent processed and eluate collected. The eluates from both extractions 
were combined and placed in two, 4-L beakers and frozen at -60 °C before freeze-drying. 
The resulting dried eluate was then stored under refrigeration. 
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Ultimate analysis (C, H, N, S, ash, moisture, 0 by difference) and mean 
molecular weight determined with 4-point vapor pressure osmometry, using pyridine as 
the solvent, were performed by Huffman Laboratories, Inc., Golden, Colorado. Total 
acidity and carboxyl functional groups were determined, using methods described by 
Swift (1996). 
Seeded Crystal Growth Trials 
Crystal seeds of strengite (FePO4) were created in the lab, using methods 
developed by Cate et al. (1959). Briefly, a continually stirred beaker containing 20 mM 
FeCh and 20 mM KH2PO4 was heated at 80 - 90 °C, covered with a watch glass to 
minimize evaporation and left for eight days until the color of the solution changed from 
orange-yellow to white. The solution pH was initially 3.9 but it dropped to a final pH of 
3.2 after 4 hours. Optimal crystallization should occur at pH 3.0 - 3.4 (Cate et al., 1959). 
After 8 days, the solid was decanted and rinsed with deonized water several times prior to 
drying at room temperature. Some of the dried sample was analyzed by x-ray diffraction 
and the crystals were confirmed to be strengite (Peter Kolsar, personal communication) . 
Surface area was determined via the Bunauer, Emmett, and Teller (BET) method with 
mean area= 9.3 m2 g-1 (Mathew Eick, personal communication). A commercial 
amorphous FePO4 was also tested since it had a greater surface area (17.4 m2 i 1) than the 
strengite. A 2-line ferrihydrite was synthesized using techniques outlined by Amacher 
(1999). Briefly, 0.1 M Fe as Fe(NO3)3 was placed in a plastic beaker and the pH adjusted 
to 7.5 with 5 M NaOH. The suspension was allowed to settle over night prior to 
siphoning off the clear supematent. The remaining slurry was centrifuged and dialyzed 
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for 3 days to remove salts and then the slurry poured into ice cube trays, frozen and 
then freezed-dried. The resulting surface area was 286 m2 g-1• 
A series of sorption experiments were conducted in a flat-bottom, water-jacketed 
400-cm3 vessel equipped with a removable acrylic lid and entry ports for a stirrer, burette 
tip, pH electrode, and N2 gas bubbler. Sorption rates were measured at constant pH and 
temperature using a seeded crystal growth method (Marshall and Nancollas, 1969). 
Super saturated solutions were prepared containing the same elements as those of the 
seed material. Solutions were stirred with an automated propeller driven motor at 
approximately 6 revolutions min-1• Approximately 30 minutes after adjusting pH to 5.5, 
seed were introduced. A pH-stat titrator was attached to the vessel to maintain a constant 
pH by the addition of acid or base. The addition rates were manually recorded 
throughout each trial. Several 10-mL solution samples were collected during a trial and 
analyzed for Fe (atomic absorption (AA) spectrometry) and PO4-P (Harwood et al., 
1969). One trial was repeated with a 2 mM Leonardite HA standard obtained from the 
International Humic Substances Society (IHSS, Univ. Minnesota, St. Paul, MN). For the 
strengite and amorphous FePO4 seed trials, solutions were maintained at pH 5.5 with 
0.005 N NaOH and 10 mM NaNO3 as a background electrolyte, 5 µM Fe(NO3) 2, and 150 
µM NaH2PO4. Seed material (200 mg strengite or 30 mg amorphous FePO4) was added 
30 min after pH adjustment. Solutions in the ferrihydrite trials were maintained at either 
5.5 or 7.5 pH with 0.005 N HNO3, in 10 mM NaNO 3 and contained 5 µM Fe(NO3) 2 and 
150 µM NaH2PO4. Ferrihydrite seed (30 mg as a 5 mL suspension) was added 30 min 
after pH adjustment. 
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RESULTS AND DISCUSSION 
Plant Degradation Product Isolation and Characterization 
The hydrophobic acid portion of the bioreactor effluent (the portion remaining on 
the XAD-8 column) comprised approximately 50% of the total dissolved organic carbon 
(DOC) of the original bioreactor effluent. Only 10% of the total DOC of a leachate of 
wheat straw extract was associated with the hydrophobic acid portion (Grossi and 
Inskeep, 1996), substantially less than the bioreactor effluent. By oxidizing much of the 
labile organics during processing, a greater proportion of recalcitrant (hydrophobic acid) 
organics apparently remained in the bioreactor effluent. 
The compositional analyses suggests that effluent from bioprocessed plant 
residues shares many characteristics with FA and HA (Table 2-1 ). The bioreactor 
effluent molecular weight was considerably lower (640 Da) than expected. However, this 
could be an artifact of osmotic pressure methods, which are based on the number of 
colloidal particles . If several molecules formed a single colloid, they will have an 
equivalent influence on the measurement (Stevenson, 1994). A commercial-grade HA 
was substituted for the bioreactor humic substances in subsequent plant studies since it 
was similar in nature and, unlike FA, its use was not cost prohibitive . 
Seeded Crystal Growth Trials 
In soil solutions, P can readily form phosphate precipitates with Ca and Fe. 
Additionally, Fe can also form Fe-oxide precipitates (Corey, 1990). Chemical 
equilibrium modeling of a standard hydroponic nutrient solution without chelate 
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Table 2-1. Composition of the hydrophobic component of bioreactor effluent, as 
compared to fulvic acid and humic acid. Bioreactor effluent values are the mean 
of two subsamples. 
Parameter Bioreactor effluent Fulvic acids t Burnie acidst 
Molecular weight (Da) 484 640 - 1000 > 10,000 
%C 52 41 - 51 54 - 59 
%H 5 4-7 3-6 
%0 36 40 -50 33 - 38 
%N 4 1 - 3 1 - 4 
%S 1 < 4 <2 
%ash 2 t t 
Atomic O/C 0.5 0.7 0.5 
Total acidity (meq g-1) 8.9 10.3 6.7 
CO2H (meq t 1) 5.9 8.2 3.6 
t Values from Stevenson ( 1994 ). 
t Ash content varies, depending upon the source material but values from purified 
material are usually < 10%. 
predicted that over 99% of the solution Fe would form a FePO4 precipitate. Even with 25 
µHEDTA , approximately 40% of Fe would exist as FePO4. However, the model strongly 
favors a single solid phase, in this case FePO4. By disallowing the FePO 4 solid _phase in 
the model, the same Fe losses were predicted , but in this case an Fe(OH) 3 precipitate 
would form. Even with Fe(OH) 3 precipitates, it may be possible that additional P could 
be lost from solution via sorption to the Fe-oxides. 
Neither strengite nor amorphous FePO4 was found to have effective sorption sites 
for PO4-P (Fig. 2-1 ). If they were, one would expect increases in the sorption values over 
time (Fig. 2-1). Interestingly, no Fe was found in solution at time O (Fig. 2-2), suggesting 
either FePO4 or Fe-oxide precipitates had formed prior to the addition of seed material 
(FePO4). Even after 900 min (15 h), there was little change in bulk solution P or Fe after 
strengite or amorphous FePO4 was added to the solution (Fig. 2-2). In the case of 
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Fe(OH) 3 seeding, it appeared that 75% of the bulk solution P adsorbed to the 
ferrihydrite surface within a couple of hours (Fig. 2-3). Phosphate sorption and 
desorption behavior on individual oxide minerals or oxides in soils have been reported 
elsewhere (He and Zhu, 1998; Manning and Goldberg , 1996; van Riemsdijk et al., 1984) . 
The kinetics of these reactions support the supposition that P primarily sorbs to Fe(OH)3 
surfaces rather than forming FeP0 4 precipitates. In general, surface adsorption processes 
occur much more rapidly than precipitation processes (Amacher, 1992). It took a period 
of weeks for Hsu (1982) to precipitate amorphous FeP0 4 from solution , although linked 
Fe-OH-Fe and Fe-P0 4-Fe rapidly integrated as colloids. It has also been suggested that 
following rapid sorption of P to Fe oxides (Parfitt , 1989), reprecipitation reactions may 
be the primary means for P retention in Fe oxide soil systems (Martin et al., 1988). 
As with the amorphous FeP0 4 trial, solution Fe was undetectable in the 
ferrihydrite trial prior to seeding, but concentrations rose to nearly 10 µM (twice the 
calculated initial Fe concentration) following seeding (Fig. 2-4) . In this case , minor Fe 
dissolution likely occurred with the ferrihydrite suspension, thus momentarily increasing 
bulk solution Fe concentrations upon seeding, but then solution Fe quickly decreased as 
Fe-oxides reformed . GEOCHEM-PC (Parker et al. , 1995) predicts both FeP0 4 and 
Fe(OH)3 precipitates may form in solutions that are devoid of complexing agents or 
agents that have insufficient complexing ability. Root surfaces tend to be prime Fe(OH)3 
sites for nucleation of Fe-oxide solid phases in flooded soils and wetland systems, where 
Fe-oxides have been found on roots of several plant species (Chen et al., 1980; Snowden 
and Wheeler, 1995). Perhaps, similar root coatings may occur in aerated hydroponic 
solutions (Parker and Norvell, 1999) and soils, although to a lesser extent. 
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The addition of organic matter, such as HA, may inhibit Fe and P losses via 
solid phase formation. Our preliminary trial with HA suggests this to be the case (Fig . 2-
3 ). Others have found organic acids inhibited phosphate sorption to oxide minerals 
(Nagarajah et al. , 1970; Violante et al. , 1991) and oxides in soils (Lopez-Hernandez et al., 
1986). The hydrophobic nature of HA may lead to an entropy-driven adsorption process 
that blocks sorption sites (Grossl et al., 2000). Additionally , Gu et al. (1994) have 
suggested that carboxyl and hydroxyl functional groups specifically react with Fe-oxide 
surfaces , which aids in their dissolution. 
SUMMARY 
The soluble organic component from plant residues was comprised largely of 
humic and fulvic acids , which were similar in elemental content to the humic and fulvic 
acids found in soils. The literature suggests that Fe precipitates from soil and hydroponic 
solutions as FeP0 4 and Fe-oxides . Our results from seeded crystal growth trials suggest 
that P rapidly adsorbs onto Fe-oxide (ferrihydrite). Adsorption of P to ferrihydrite 
surfaces was lessened by the addition of HA to the solution. Results suggest that as Fe-
oxides coat roots, adsorption of P to the oxide surfaces may be inhibited by the 
concomitant adsorption of organic acids. Further studies are needed to substantiate Fe-
oxide plaques in hydroponics, what other elements may also be sorbed to Fe-oxide, and 
how organic complexing agents affect their formation. 
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CHAPTER3 
NUTRIENT UPTAKE DYNAMICS OF RICE (ORYZA SATIVA L.) GROWN IN 
AEROBIC SOLUTION CULTURE TREATED WITH ORGANIC 
COMPLEXING AGENTS 
ABSTRACT 
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Two, 6-week studies using rice (Oryza saliva L.) plants grown in hydroponic 
nutrient solutions containing N-hydroxyethylethylenedediaminetriacetic acid (HEDTA) , 
humic acid (HA), or no complexing agent (NC) were conducted to test the effect of these 
soluble organic amendments on solution Fe availability. Plants grown in solutions 
containing either HA or NC had 70% less growth compared to plants grown in solutions 
containing HEDT A. Treatments with a 10-fold decrease in Cu2+ and Zn2+ solution 
activities had improved growth, where the HA treatment had only 25% less biomass and 
the NC treatment had 39% less biomass than the HEDTA treatment. X-ray absorption 
near edge scan spectroscopy (XANES) analysis of root surfaces identified Fe3+ sorption 
on root surfaces with the NC treatment. Root surface P identified by energy dispersion x-
ray (EDX) spectroscopy was found to be closely associated with root surface Fe. We 
surmise that P adsorbed to the ferrihydrite coated root surface . Contrary to some reports , 
addition of Si at 0.1 mM to the hydroponic solutions had no effect on vegetative plant 
growth or Fe nutrition. However, the effect of Si on reproductive development was not 
evaluated. 
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INTRODUCTION 
The use of humic acid (HA) to improve plant nutrient availability has been 
studied over many years (Elgala et al., 1978; Linehan , 1978; Varanini and Pinton , 1995). 
Carboxyl functional groups make up approximately 50% of HA total acidity (Stevenson , 
1994), which complex metals , i.e., Fe, Cu, and Zn (Van Dijk, 1971). When HA was used 
in place of HEDTA (control) for wheat culture, plant growth was comparable to the 
control, but plants without any complexing agent also grew well (Chapter 4). Wheat can 
improve Fe bioavailability by releasing Fe-complexing phytosiderophores (Romheld, 
1991 ), which may have partially masked the HA effects . Rice on the other hand , tends to 
have one of the lowest phytosiderophore release rates, approximately 1 µmol g-1 fresh 
root d-1 (Mori et al., 1991) as opposed to wheat at 7.5 µmol g-1 fresh root d-1 (Romheld 
and Marschner, 1990). Rice is a particularly suitable crop for isolating the effects HA 
and other complexing agents have on Fe bioavailability , as its own Fe acquiring ability is 
substantially limited (Mori et al., 1991 ). 
Chemical equilibrium modeling provides a guide for estimating potential Fe 
bioavailability in solutions. In a typical hydroponic nutrient solution without any organic 
complexing agents, over 99% of Fe is expected to form solid phases (Fig . 3-1). In this 
study where solution pH= 5.0 and solution P = 500 µM, the GEOCHEM-PC (Parker et 
al., 1995) model calculated that FePO4 controls Fe3+ activity (Fig. 3-1 a). However, 
solution P in many hydroponic solutions rapidly declines from luxury plant uptake. It is 
not uncommon for solution P to decline to 5 µM PO4-P, particularly near the root surface. 
In that case, Fe(OH) 3 would control Fe3+ activity (Fig. 3-lb). It is not known ifroot 
surfaces act as nucleation sites for solid phase formation in aerobic nutrient solutions. 
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Past studies have found Fe and P were associated with the root surfaces of wheat 
(Grossi and Mackowiak , 1999). However , the coating may be an amorphous, Fe(OH)3 
(ferrihydrite), with P adsobing to the oxide surface, which is often the case in aerobic soil 
environments (Goldberg and Sposito, 1984; Lindsay , 1991; Schwertmann , 1991; Willett 
et al., 1988). 
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Under flooded or low oxygen conditions, such as in a wetland, radial oxygen 
diffusion from plant roots can result in the oxidation of Fe2+ and the subsequent formation 
of Fe3+ oxide coatings (plaques). Native wetland plant species are typically used to study 
the formation and characteristics of Fe plaques in situ and in laboratory studies (Batty et 
al., 2000; St-Cyr et al., 1993; Snowden and Wheeler, 1995; Taylor and Crowder , 1983). 
Rice has a high oxidizing capacity (Ando et al., 1983), and its simple culture 
requirements make it a popular crop species to use in root plaque studies (Chen et al., 
1980; Greipsson , 1995; Zhang et al., 1998). Many of these studies have been designed to 
determine the mechanisms of Fe toxicity tolerance , where oxide plaque formation is 
thought to lessen Fe availability by reducing Fe solubility (Batty et al. , 2000). 
Silicon is considered as a required nutrient for rice culture. Reportedly, Si can 
improve yields by decreasing lodging , improving disease resistance , and protecting the 
plant from Fe and Mn toxicity (Marschner, 1995). Once in the root, silicon dissociation 
to SiO4 4- may result in a concomitant release of OH- to maintain electrical neutrality 
(Wallace, 1992), possibly increasing root surface Fe oxidation. On the other hand , it was 
suggested that Fe oxide plaques might reduce Si uptake (Wang et al. , 1994). 
The objectives were to 1) use geochemical equilibrium modeling to assess how 
complexing agents HEDTA and HA affected Fe Cu, and Zn bioavailability compared to 
solutions without a complexing agent; and 2) identify and measure Fe solid phases on 
rice roots in solutions with Si and without Si. 
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MATERIALS AND METHODS 
Plant Culture 
Study I. Rice (Oryza sativa L.) 'USU-Super dwarf was germinated in a 40-mm 
layer of moist inert medium (Isolite, Sumitomo Corp., Denver, CO) . One week after 
emergence, the seedlings were transplanted [O days after transplanting (DAT)] to 
polyethylene tubs (IO plants per tub) containing 50 L of nutrient starter solution (Tables 
3-1 and 3-2). The nutrient solution level was checked daily with a portable glass 
manometer bearing a mark showing the liquid level setting. A refill solution (Table 3-1) 
was added whenever the solution level dropped below the manometer mark. The nutrient 
solution in each tub was vigorously mixed and aerated using polyvinyl chloride 
manifolds fed from an in-house air supply. Nutrient solution pH (4.7 ± 0.1), electrical 
conductivity (0.55 ± 0.01 dS m-1 beginning and 0.80 ± 0.05 dS m-1 end), and air 
temperature (23 °C day/18 °C night) were measured in the greenhouse unit each day. 
Greenhouse lighting was supplemented with four 400-watt high-pressure sodium lamps 
to provide an average daily irradiance of approximately 26 mol m-2 d-1. 
Study 11. Rice plants were prepared similar to the methods given in study I. The 
starter solution and refill solution compositions are provided in Tables 3-3 and 3-4. 
Nutrient solution pH (4.8 ± 0.4), electrical conductivity (0.60 ± 0.03 dS m-1 beginning 
and 0.95 ± 0.09 dS m-1 end), and air temperature (27 °C day/22 °C night) were measured 
in the greenhouse unit each day. Greenhouse lighting was supplemented with four 400-
watt high-pressure sodium lamps to provide an average daily irradiance of approximately 
25 mol m-2 d-1. 
Table 3-1. Solution inorganic components and Si for study I. The starter solution 
was used to fill the system and the refill solution was used to replace transpired 
water. The complexing agents for the treatments are listed in Table 3-2. 
Salt 
K2Si0 3t 
K2S04t 
KNO3 
NH4Cl 
Ca(NO3)2 
KH2PO4 
MgSO4 
Fet 
ZnSO4 
MnCh 
H3BO3 
CuCh 
Na2MoO4 
Starter solution 
0 or 0.1 
0 or 0.1 
1.0 
1.0 
0.5 
0.5 
55.0 
4.0 
3.0 
2.0 
2.0 
9.0 X 10-2 
Non Si refill 
mM 
0.1 
3.0 
1.0 
1.0 
0.5 
0.5 
µM 
7.5 
1.0 
3.0 
1.0 
1.0 
3.0 X 10-2 
Si refill 
0.0 
3.0 
1.0 
1.0 
0.5 
0.5 
7.5 
1.0 
3.0 
1.0 
1.0 
3.0 X 10-2 
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t The non Si treatments received 0.1 mM K2SO4 to normalize K with the 0.1 mM K2SiO3 
treatments . 
t Total Fe concentration in starter and refill solutions were equivalent among treatments . 
The HEDTA treatment starter solution received 50 µM Fe as Fe-HEDTA and 5 µM Fe 
as FeCh , whereas the HA and NC treatments received 55 µM FeCh. The refill solution 
contained Fe as FeCh for all treatments. Total Fe in each system was theoretically 
sufficient to supply plant Fe requirements. 
Table 3-2. Iron and complexing agent treatments for studies I and II. The starter 
solution was used to fill the system. Inorganic components of these solutions are 
listed in Table 3-1 for study I and Table 3-3 for study II. 
Treatment 
0.lxHEDTA 
HEDTA 
Non complexed, 
Net 
Humic acid (HA) 
na = not applicable 
Starter solution composition 
Study I Study II 
na 
50 µM Fe-HEDT A+ 5 µFeC13 
55 µM FeCl3 
I mM HA +55 µM FeCh 
5 µM Fe-HEDTA 
50 µM Fe-HEDTA 
50 µM FeCh 
1 mM HA +50 µM FeCh 
t There was no complexing agent used in the NC treatments. 
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Table 3-3. Solution inorganic components for study II. The starter solutions 
were used to fill the system and the refill solutions were used to replace 
transpired water. Complexing agents for the treatments are listed in Table 3-2. 
Salt 
KN0 3 
Ca(N03)2 
NH4Cl 
KH2P04 
MgS04 
K2Si03 
Fet 
CuCh 
ZnS0 4 
MnCh 
H3B0 3 
Na2Mo04 
HEDTA 
starter solution 
1.0 
1.0 
0.5 
0.5 
0.1 
50.0 
2.0 
4.0 
3.0 
2.0 
0.09 
HAt and Ne t 
starter solution 
1.0 
1.0 
0.5 
0.5 
0.1 
50.0 
0.2 
0.4 
3.0 
2.0 
0.09 
mM 
µM 
HEDTA 
refill solution 
3.0 
1.0 
1.0 
0.5 
0.5 
7.5 
1.0 
2.0 
3.0 
1.0 
0.03 
HAt and Net 
refill solution 
3.0 
1.0 
1.0 
0.5 
0.5 
7.5 
0.2 
3.0 
1.0 
0.03 
t HA = humic acid ; NC = non complexed . 
t Total Fe concentration in starter and refill solutions were equivalent among treatments . 
The HEDTA treatment starter solution received 50 µM Fe as Fe-HEDT A, whereas the 
HA and NC treatments received 50 µM FeCh . The refill solution contained Fe as 
FeCh for all treatments . Total Fe in each system was theoretically sufficient to supply 
plant Fe requirements. 
Sampling and Analyses 
The chemical equilibrium model GEOCHEM-PC (Parker et al. , 1995) was used to 
predict metal ion activities within nutrient solution treatments. Since the model did not 
contain equilibrium constants for the formation of HA-metal complexes, log K0 
equilibrium constants for metal (Ca, Mg, Fe, Cu, and Zn) HA complexes were gathered 
from the literature (Chapter 4) and inserted into the model. Study II nutrient solution Cu 
and Zn treatments were based on the model's calculated free activities (Table 3-4). 
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Table 3-4. Solution micronutrient activities in study II, comparing a standard 
micronutrient formula and formulas tailored for solutions containing humic acid 
or no complexing agent. 
Fe Cu Zn 
Treatmentt 
Total Free Total Free Total Free 
soluble activity soluble activity soluble activity 
µM 
HEDTA 43.7 3.18 X 10-8 2.0 1.32 X 10-S 4.0 1.66 X 10-2 
0.lxHEDTA 0.5 3.48 X 10"8 2.0 1.26 X 10-3 4.0 9.98 X 10-i 
HA 5.0 3.44 X 10-8 0.2 1.72x10- 7 0.4 1.21 X 10-l 
NC < 0.1 3.48 X 10-8 0.2 1.03 X 10-l 0.4 2.66 X 10-l 
t HEDTA = 50 µM N-hydroxyethylethylenedediaminetriacetic acid; 1/10 HEDTA = 5 
µM HEDT A; HA = 1 mM humic acid; NC = no complexing agent. 
Nutrient solution samples (20 mL) were taken weekly from study I and analyzed 
for total organic carbon using a carbon analyzer that oxidized solution carbon to CO2, 
which was subsequently detected by an infrared gas analyzer (Pheonix 8000 Tekmar-
Dohrmann, Cincinnati, OH) . Nutrient solution samples (60 mL) were taken at 1, 28, and 
42 days after transplant (DAT) for elemental composition analysis using inductively 
coupled plasma (ICP) emmision spectrometry. At 35 days, a representative plant was 
taken from each tub from study I and placed in an aerated flask containing 250 mL of DI 
water as described by Hansen et al. (1996), in order to collect and measure 
phytosiderophores. Plant roots were sampled from each tub (25 g fresh mass) from study 
I, and a Fe extraction series run on them, according to Wang and Peverly (1996) . Briefly , 
5 g fresh root tissue (1 g from NC treatments) was removed from 39 DAT plants and 
placed in 125-mL plastic bottles containing 50 mL of 1 M MgCh solution to soak for i .5 
h, and subsequently shaken for 1 min. Roots were removed, rinsed with distilled water 
for 30 s, and left to drain for 30 min, prior to transferring to 125-mL plastic bottles 
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containing 0.5 N HCl. The bottles were moderately shaken for 4 d. Afterwards, the 
roots were removed , rinsed with distilled water for 30 sand left to drain for 30 min, prior 
to transferring to 125-mL plastic bottles containing a dithionite-citrate-bicarbonate 
(DCB) solution for a cold DCB extraction . After shaking for 3 h, the roots were 
removed, rinsed with distilled water for 30 sand left to drain for 30 min, prior to 
transferring them to a 70 °C drying oven. After 3 d, the roots were removed, digested 
with HN03 and H20 2, and inorganic analysis performed by ICP emission spectrometry. 
Each of the extracts was analyzed for inorganic elements by ICP emission spectrometry, 
as well (Fig. A-4) . Additional root samples were freeze dried and sent to Stanford 
University for I) micro x-ray absorption near edge structure (XANES) spectroscopy to 
determine Fe valency ; and 2) extended x-ray absorption fine structure (EXAFS) 
spectroscopy to estimate the average distance between absorber atom and its nearest 
neighbors , the average number of atoms within these shells, and the composition of the 
absorber's nearest neighbors. Samples of 42 DAT critical point dried roots were 
mounted on stubs, coated with carbon using an ion beam sputterer and examined with a 
Hitachi S-4000 scanning electron microscope (SEM). Energy dispersive x-ray (EDX) 
digital dot mapping of inorganic root coatings was performed with the Link EXL I 000 
EDX system (Oxford Instruments, Oak Ridge TN). The remaining tissue (five plants per 
tub) was oven-dried (80 °C for 3 d) prior to weighing . Leaf and root tissue were ground 
(2-mm sieve), digested with HN0 3 and H20 2, and inorganic elemental content 
determined by ICP emission spectrometry. 
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Statistical Analysis 
A completely randomized design with three replicates was adopted . Data were 
analyzed using analysis of variance (ANOVA) procedure and the level of significance 
was calculated from the F values of ANOV A (SAS , Inc . Cary , NC) (Appendix C). 
Means were compared with a Tukey test. Nutrient solution elemental concentrations 
were graphed as a function of time (n = 3), with the standard error of the mean presented 
as vertical bars. 
RESULTS AND DISCUSSION 
Biomass 
Treatments containing HEDT A produced the most biomass , with mean values of 
2.51, 0.75, and 0.04 g planf 1 for the HEDTA , HA , and NC treatments , respectiv ely for 
study I and 12.98, 9.73, 7.88, and 7.42 g planf 1 for the HEDTA , HA , NC and 
0.1 xHEDT A treatments , respectively for study II. Biomass decline was only 25% for HA 
in study II, whereas it was 70% in study I. It is suspected that the lower Cu2+ and Zn2+ 
solution activities in study II accounted for the improved growth . Overall , total biomass 
differed between the two rice studies , where rice plants grown at 27 °C (study II) were 
much larger than plants grown at 23 °C (study I). Al-Khatib and Paulsen (1999) found 
rice photosynthetic rates nearly doubled when temperatures were raised from 22/17 °C to 
32/27 °C (light/dark), resulting in more biomass. Incorporating Si into solutions in study 
I had no appreciable effect on rice biomass or nutrient uptake, regardless of which 
organic complexing agent was used . 
Table 3-5. Complexing agent effects on shoot P, Fe, Cu, and Zn concentrations 
from study it. 
Complexing 
agent p Fe Cu Zn 
mg kg-I 
shoots 
HEDTA 1011ot 106.8 18.0 213 
HA 12140 62.8 32.4 514 
P-value 0.0133 < 0.0001 < 0.0001 < 0.0001 
roots 
HEDTA 9534 4947 99 220 
HA 10820 2344 460 530 
P-value 0.0668 0.0058 < 0.0001 < 0.0001 
t The amount of tissue collected from the NC treatment was insufficient for replicated 
analysis, so it was omitted from the table. 
t Comparison by t-test with significance at P :=;; 0.05 (n =6). 
Complexing Agent Effects 
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Fe solubility is typically controlled by Fe solid phases , particularly amorphous Fe 
oxides (Lindsay, 1979). Therefore, organic complexing agents that hasten Fe dissolution 
from solid phases or prevent solid phases from forming should improve Fe bio-
availability. The choice of complexing agent greatly affected Fe bioavailability and 
uptake. Solutions lacking 50 µM HEDTA (HEDTA treatment), resulted in critically low 
shoot Fe concentrations, and 5 µM HEDT A (0 .1 xHEDT A treatment) had the lowest 
(< 40 mg kg-1) shoot Fe (Tables 3-5 and 3-6) . It was shown that rice releases less Fe 
complexing phytosiderophores than most other cereal species (Lytle and Jolley, 1991) 
and extreme Fe deficiencies can completely terminate phytosiderophore activity in rice 
(Mori et al., 1991). Phytosiderophore release rates averaged 1.41 µmol Fe per gram fresh 
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mass of root per day among all treatments in study II, based on a 5-h collection period , 
beginning 1 h after sunrise. Although there were no significant differences among 
treatments, a minor trend was observed, where the greatest release came from treatments 
having the lowest shoot Fe . Mean release rates were 2 .21, 1.93, 1.43, and 0.05 µmol g·1 
d· 1, from the NC , HA, 0.lxHEDTA, and HEDTA treatments, respectively. 
Phytosiderophore release by NC plants was too low to measure in study I but values in 
study II were near 2 µmol g"1 dry mass d-1, and Fe deficiency symptoms were not as 
pronounced (Table 3-6). Mori et al. (1991) reported phytosiderophore release rates from 
healthy rice plants of approximately 1 µmol g· 1 dry mass d-1 but wheat and barley releas e 
rates may be several times greater (Rom.held and Marschner, 1990) . 
It is interesting to note that complexing treatments resulting in the lowest 
available Fe (NC and 0.lxHEDTA) produced plants with stunted roots and much greater 
root hair elongation, which was confirmed by scanning electron micrographs of root in x-
section (Fig. 3-2). The NC root section was from an area somewhat closer to the root tip 
than the HA section , and yet the root hairs were longer. In general , the longest root hairs 
have been associated with the shortest mother cells (Comack, 1962), implying that 
conditions inhibiting mother cell elongation will promote longer root hairs. Su and 
Howell (1992) found when growth regulators shortened the primary roots, a concomitant 
lengthening of root hairs occurred. The conventional view is that Fe deficiency will not 
cause root hair elongation in graminaceous species (Marschner , 1995). The 'USU-Super 
dwarf rice is a gibberellic acid mutant (Frantz and Bugbee, 2002) but dwarf mutants 
typically have shorter root hairs (Wen and Schnable, 1994), such as those seen in 
Table 3-6. Complexing agent effects on shoot P, Fe, Cu, and Zn concentrations 
from study II. 
Complex p Fe Cu Zn 
mM mg kg-I 
shoots 
HEDTA 8367 bt 93.0 a 18.0 C 134 b 
0.lxHEDTA 11117a 38.5 C 39.2 a 615 a 
HA 8850 b 69.5 b 19.2 C 69 b 
NC 9217 ab 68.2 b 29.5 b 93 b 
P-valuet 0.0187 < 0.0001 0.0002 < 0.0001 
roots 
HEDTA 7467 C 3012 C 162 ab 110 b 
0.lxHEDTA 12533 a 6650 b 220 a 556 a 
HA 9600 b 1283 d 43 b 31 b 
NC 13003 a 10383 a 160 ab 49 b 
P-value t < 0.0001 < 0.0001 0.0140 < 0.0001 
t Mean separation by Tukey test. Means within a column followed by the same letters 
are not significantly different at P = 0.05 (n = 3). 
Fig. 3-2b. Perhaps Fe deficiency had a direct or indirect effect on root hair elongation, 
via hormonal factors. 
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Unlike the Fe, Cu2+ and Zn2+ availabilities were likely controlled by their solution 
free activities. Solutions lacking strong complexing agents , i.e., NC and HA treatments , 
resulted in greater available Cu and Zn. In study I, shoot Cu was over 30 mg kg-1 in the 
HA treatment and Zn was over 500 mg kg-1 (Table 3-5), which is critically high for rice 
(Borkert et al., 1998; Greipsson, 1995). It may be concluded, therefore, that the reduced 
plant growth in HA and NC treatments from study I was a combined function of Fe 
deficiency, Cu toxicity, and Zn toxicity . Additionally, Zn and Fe have comparable ion 
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radii , resulting in competitive uptake, therefore high Zn would inhibit Fe uptake even 
more (Marschner , 1995). Nutrient solution composition for study I and the entire tissue 
inorganic analyses for study I and study II are given in Appendix A (Figs. A-1 , A-2, A-3, 
and Table A-1 , respectively) . 
Fig. 3-2. Examples of root hair differences due to no complexing agent, a) NC or 
humic acid b) HA from study II. The root section from the HA treatment was a 
bit older, as shown by the more developed central stele, suggesting root hair 
development should be greater, but this was not the case. More root hairs form 
when a plant is nutrient deficient. 
50 
By implementing the GEOCHEM-PC model in study II, more appropriate 
solution Cu and Zn additions were used for the HA and NC treatments (Table 3-4). 
However, the 0.lxHEDTA solution was purposefully left with higher solution Zn and Cu 
concentrations, i.e., the same levels used in the HEDTA treatment. Lowering the solution 
Zn and Cu concentrations in the HA treatment in study II lessened growth inhibition from 
70% to 25% of the HEDTA treatment. The improved shoot Cu2+ and Zn2+ levels in study 
II supported the supposition that Cu and Zn toxicities affected rice growth in HA and NC 
treatments in study I. However, further lowering of the Cu2+ free activity may be 
warranted with the NC treatment (Table 3-6). The high Cu and Zn shoot concentrations 
in the 0.1 xHEDT A treatment and the chemical equilibrium model calculations also 
support the supposition . In contrast, it was total soluble Fe (Fe3+ free activity + 
complexed Fe3+) that determined Fe availability. Parker and Norvell (1999) reported 
similar findings, although they suggest total soluble solution Cu and Zn may have more 
control over Cu and Zn bioavailability in some strongly chelated systems. 
Root Plaques 
Treatments with the lowest complexing ability (0.lxHEDTA and NC) had 
correspondingly higher root tissue Fe and P concentrations (Tables 3-5 and 3-6). A 
dithionite-citrate-bicarbonate (DCB) technique was developed for removing Fe oxides 
from soils and it is frequently used to extract Fe oxides from plant roots (Taylor and 
Crowder, 1983; Wang and Peverly, 1996; Emerson et al., 1999; Batty et al., 2000). Since 
it is a very strong reductant, DCB dissolves both amorphous and crystalline forms of Fe, 
and perhaps releases some internal tissue Fe. In contrast, acid extractions are intended to 
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dissolve only the amorphous Fe while leaving behind some crystalline Fe3+ and 
amorphous Fe2+ (Wang and Peverly, 1996). The acid extraction used in study I removed 
over 300 mg kg-1 Fe (fresh root), whereas the subsequent DCB extraction released an 
additional 19 mg kg-1 Fe from the NC treatment, 11 mg kg"1 Fe from the HA treatment 
and 15 mg kg-1 Fe from the HEDTA treatment (Table 3-7 and Appendix A, Fig. A-4 ). 
Similar results were noted in study II but the extractions were not replicated and the data 
not presented. Acid extracted Fe accounted for over 80% of total root surface Fe in 
treatments having low complexing ability (i.e., 5 µM HEDTA; NC) but less than 75% in 
treatments having greater complexing ability (i.e., HA; 50 µM HEDT A). As percent 
amorphous Fe declined , the proportion of DCB extracted Fe increased. Roots from our 
hydroponic systems were young (less than 6 weeks old), which minimized the time for 
crystalline Fe to form and therefore suggests that the harsh DCB treatment may have 
removed some internal elements, as others have suspected from their own studies (Taylor 
et al., 1984; Batty et al., 2000). The entire extraction series results are provided in Figure 
A-4. 
Table 3-7. Effect of complexing agent on fresh root acid extracted elements from 
study I. 
Complexing 
agent Fe Si p Ca s Mn 
mgkg· 1 
HEDTA 43 bt 11.4 a 185 b 111 b 44 b 28 b 
HA 50 b 3.1 a 256 b 182 ab 60 ab 43 b 
NC 342 a 9.6 a 446 a 592 a 89 a 106 a 
P-value < 0.0001 0.2171 0.0002 0.0251 0.0038 0.002 
tMean separation by Tukey test. Means within a column followed by the same letters are 
not significantly different at P = 0.05. 
52 
The XANES root surface spectroscopy from study I identified the root surface 
Fe to be Fe3+ with an absorption edge position (not shown) of 7,128 eV (Laforce and 
Fendorf, 2000). The EXAFS Fourier transformed spectra reveals ferric Fe with peaks at 
ca. 1.65 A corresponding to six oxygens at 1.98 A (Fig. 3-3). Interestingly , the absence 
of intense peaks beyond the first shell indicates 1) a lack of heavy backscatterers ( such as 
Fe) in the local coordination environment ; or 2) a high disordered environment. The first 
case suggests ferric Fe is complexing to the root but the low Fe recovery from the MgCb 
root extractions do not support this. Light backscatters that constitute the root matter 
would indeed give a spectrum consistent with those observed (i.e., lack of intense 
backscattering peaks beyond the first shell), which may suggest that ferric Fe penetrated 
beyond the root surface through the apoplastic spaces within the cortex. Others have 
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Fig. 3-3. Fourier transformed x-ray absorption spectra of Fe deposited on rice root 
surfaces. Peaks correspond to coordinating shells around the central Fe atom 
but distances are uncorrected for phase shifts and thus are offset by approximate 
0.2 to o.4 A. 
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found Fe oxide precipitates within the epidermal region (Mendelssohn and Postek , 
1982) and even further into the cortex (Green and Etherington, 1977). The spectral 
analysis suggests that the Fe oxides or other solid phases likely constitute less than 20% 
of the total Fe on the root surface, therefore suggesting that most of the root Fe may exist 
as apoplastic solid phases. 
There are numerous reports on Fe plaque formation occurring on the roots of 
wetland plants grown under reduced conditions , but few reports in regards to aerobic 
conditions (Taylor et al., 1984). It has been proposed that plaque formation is a 
biologically controlled rather than a passive thermodynamic process. Radial oxygen loss 
from rice roots apparently improves the conditions for Fe oxide precipitation (Armstrong , 
1971; Ando et al., 1983). In addition, bacteria may catalyze Fe precipitation (Konhauser , 
1998; Emerson et al., 1999). A plastic root facsimile was used to measure Fe plaque 
formation on non-biological , non-charged material existing under conditions similar to 
the NC treatment (tested the plastic facsimile in the NC solution only) . Due to 
differences in density , root associated Fe from all treatments was normalized to surface 
area, based on the following assumptions: 1) roots are cylinders (surface area= 2rc r L, 
where L = length), 2) fresh root density is comparable to water density (1 g cm-3), and 
therefore equivalent to fresh mass (V) = re r2 L, and 3) the average radius for crop roots is 
approximately 0.0112 cm (Barber and Silberbush, 1984). First, solving for Land then 
solving for surface area, the Fe coating mass was transposed to root surface. The plastic 
root facsimile had its surface area determined by measuring and adding together the 
surface area of its component cylindrical parts . The normalized root plaque values were 
21.8, 7.0, 6.2, and 3.7 mg m-2 for the NC, plastic in NC solution, HEDTA, and HA 
54 
treatments, respectively, and only the NC value was deemed statistically different. 
This suggests that biologically driven activities by the plant, via root associated bacteria 
or the existence of a negatively charged root surface, hastened Fe coating formations . 
Further work with regard to Fe coatings on plant roots with differing surface charge and 
oxidizing potential may provide a means of separating the contributions of plant and 
microbial processes. 
Root tissue P concentrations were greatest in solutions without 50 µM HEDT A 
(HEDTA treatment) (Tables 3-5 and 3-6), which also coincided with the relative 
differences in acid extracted P (Table 3-7). The P found in root acid extractions was 
likely adsorbed to the Fe surface . Batty et al. (2000) found P, S, and K associated with 
root plaques of Phragmites australis and surmised that P had adsorbed onto the Fe oxide 
surface . Surface sorption processes are quite rapid (milliseconds) , whereas precipitation 
reactions are on the order of minutes to years (Amacher , 1991 ). It is the 
sorption/desorption processes that control phosphate levels in natural waters (Grossi et 
al., 2000) and most likely in acidic soils. Over a 2-week period, Hsu (1982) was able to 
precipitate approximately 12% of a Fe(NO3) 3 + NaH2PO4 solution as amorphous FePO4, 
which increased to approximately 62% by 5.5 years but crystallization did not occur. 
This suggests that relatively low concentrations of Fe and P, similar to those found in 
hydroponic solutions, would not result in FePO4 precipitation during the course of a plant 
study. However, Martin et al. (1988) using direct observation methods concluded that 
after initial P adsorption to Fe oxides, a slow remineralization process takes place, 
resulting in some FePO4 precipitate and more complexed mixtures, such as Mn-Fe 
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phosphate hydroxides. If such is the case with the root coatings, it may help explain 
why other cations, particularly Mn, were associated with the acid extractions (Table 3-7). 
Although an EDX spectral peak for S was found with root surfaces , Batty et al. 
(2000) did not address its association with Fe coatings. We found a similar EDX Speak 
(Fig. 3-4) associated with the acid extracted Fe (Table 3-7), suggesting that S adsorbed to 
the Fe oxide surface as well (Stumm, 1992). Hodson and Sangster (1989) used 
microanalysis to study element partitioning in hydroponic wheat root tissue and found 
some of the highest amounts of P and Ca were found in the epidermal outer cell walls, 
suggesting some coprecipitation . This may also be the case in our study , but some of the 
associated Ca might be from Ca adsorption onto the Fe oxide (Kuo, 1986). 
vs 25k 
p 
<O keV 10.2 > 
Fig. 3-4. An energy dispersive x-ray (EDX) spectral graph of the root surface from 
the NC treatment in study I. Vertical scale (vs) is in counts. Horizontal scale is 
in keV. 
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Organic acids, such as HA coat Fe oxides (Gu et al., 1994), temporarily prevent 
P sorption (Grossl et al., 2000). Acid extracted elements tended to be lower for HA and 
HEDT A treated roots (Table 3-7), suggesting that these complexing agents acted as 
barriers to root nucleation for Fe oxide formation, or via complexing, reduced the amount 
of free Fe3+ available to form coatings on the root surfaces. 
SUMMARY 
Rice proved a valuable species for comparing metal bioavailability in HEDT A 
and HA complexed solutions. Both Cu2+ and Zn2+ free activities were much greater in 
systems without HEDT A, resulting in supraoptimal uptake and toxicity, whereas total 
soluble Fe determined Fe uptake in all treatments. Roots grown without complexing 
agents developed longer root hairs, which is contrary to what is characteristically 
observed in Fe-deficient grass species. The fact that this cultivar is a gibberellic acid 
mutant might suggest hormonal interactions. Additionally, plants grown in solutions 
without adequate Fe complexing had a greater degree of ferric oxide solid phases, but 
nearly 80% was located internally, likely in apoplastic spaces. Since P was found in 
close association with Fe, it was concluded that the Fe surface was a site for the 
adsorption and perhaps subsequent remineralization of P, Ca, Mn, and S. 
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CHAPTER4 
BENEFICIAL EFFECTS OF HUMIC ACID ON MICRONUTRIENT 
AVAILABILITY TO WHEAT 1 
ABSTRACT 
Humic acid (HA) is a relatively stable product of organic matter decomposition 
and thus accumulates in environmental systems . Humic acid might benefit plant growth 
by chelating unavailable nutrients and buffering pH. We examined the effect of HA on 
growth and micronutrient uptake in wheat (Triticum aestivum L.) grown hydroponically . 
Four root-zone treatments were compared 1) 25 µM synthetic chelate N-
Hydroxyethylethylenediaminetriacetic acid (HEDTA at 0.25 mM C); 2) 25 µM synthetic 
chelate with 4-morpholineethanesulfonic acid (MES at 5 mMC) pH buffer ; 3) HA at 1 
mM C without synthetic chelate or buffer; and 4) no synthetic chelate or buffer. Ample 
inorganic Fe (35 µMFe 3+) was supplied in all treatments . There was no statistically 
significant difference in total biomass or seed yield among treatments, but HA was 
effective at ameliorating the leaf interveinal chlorosis that occurred during early growth 
of the nonchelated treatment. Leaf tissue Cu and Zn concentrations were lower in the 
HEDT A treatment relative to no chelate , indicating HEDT A strongly complexed these 
nutrients, thus reducing their free ion activities and hence, bioavailability. Humic acid 
did not complex Zn as strongly and chemical equilibrium modeling supported these 
results. Titration tests indicated that HA was not an effective pH buffer at 1 mM C, and 
higher levels resulted in HA-Ca and HA-Mg flocculation in the nutrient solution. 
1 Coauthored by C.L. Mackowiak, P.R. Grossi, and B. G. Bugbee. Reprinted from Soil Science Society of 
America Journal, vol. 65, pp. 1744-1750, Copyright 200 I, with permission from SSSA . 
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INTRODUCTION 
Humic substances are the result of organic decomposition (Stott and Martin, 
1990). Humic substances are readily found in soils, aquatic systems, and in biologically 
based human life support systems, such as those being evaluated by NASA's Advanced 
Life Support (ALS) program. These systems will use higher plants for a portion of food 
production, oxygen revitalization, and water treatment. Humic substances exist in 
recycled nutrient streams used for crop production and so their effects on plant growth 
and nutrient chemistry need to be evaluated for ALS. For example, HA from wheat straw 
leachate can inhibit the formation of insoluble calcium phosphates and thus may enhance 
P bioavailability (Grossi and Inskeep 1991 ). 
A benefit of HA in agricultural systems is its ability to complex metal ions 
(Stevenson, 1982). Humic acid can form aqueous complexes with micronutrients, though 
not to the same extent as many synthetic chelating agents (Aiken et al., 1985). Since HA 
binds to soil colloidal surfaces, it is not easily leached (Jardine et al., 1989; Spark et al., 
1997a) and soil HA promotes heavy metal (i.e., Cu and Zn) sorption to soil minerals, 
such as goethite and silica (Spark et al., 1997b ). Synthetic chelate availability can 
decrease by 50% through soil sorption processes (Norvell, 1991), making field 
application costly. In contrast, HA can be inexpensively incorporated into soils via 
biowastes (such as manures) and the organic matter has the added benefit of improving 
soil physical properties. 
Although numerous tests have been conducted with humic substances added to 
complete nutrient solutions or solutions with varying metal concentrations , information is 
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limited on the effect of replacing synthetic chelates entirely with HA. As early as 
19 51, synthetic chelates were being tested in plant systems as a means for chelating Fe 
(Jacobson, 1951 ). Today, chelates are a standard part of the nutrient solution recipe in 
hydroponic systems, but there are some inherent problems regarding their use. Unlike soil 
systems where synthetic chelates tend to enhance micronutrient availability by increasing 
solubility , excess chelate in hydroponic solutions can induce micronutrient deficiencies 
by lowering metal activities (Norvell, 1991 ). Soluble organics, such as HA, have lower 
stability constants (log K0) than synthetic chelates for metals, thus providing greater 
metal activity in solution (Table 4-1 ). In addition , plant species differ in their ability to 
extract some elements from synthetic chelates. Most grass species can adequately reduce 
Fe-HEDTA to acquire Fe but they have more difficulty with the highly stable Fe-
EDDHA chelate (Marschner and Romheld, 1994). Since HA has a lower log K0 than 
even HEDT A, HA may be particularly suitable for grass species. 
Hydroponic solutions have low pH buffering capacities consequently organic 
buffers, such as, 4-morpholineethanesulfonic acid (MES) are sometimes used (Bugbee 
and Salisbury, 1985). Humic acid might provide pH buffering due to a large number of 
weakly acidic functional groups (carboxylic acid and phenolic) that make up the 
molecule. In fact, carboxylic acid groups comprise approximately 90% of all dissolved 
organic C found in the environment (Thurman, 1986). Based on typical acidity values of 
approximately 5 mol ki 1 (Aiken et al., 1985), HA theoretically could buffer pH as well 
as more commonly used compounds, such as MES. 
Table 4-1. Chemical equilibrium constants (log K0) used by the GEOCHEM 
speciation model for the HEDT A and humic acid (HA) treatments. 
Metal HEDTAt HAt HA reference 
Ca2+ 9.5 5.4 Takahashi et al., 1997 
M 2+ 8.3 5.3 Estimate based on data from Van Dijk, 1971 
Fe~+ 21.8 13.0 Takahashi et al., 1997 
Zn2+ 15.9 5.2 Takahashi et al., 1997 
Mn2+ 12.7 5.4 Takahashi et al., 1997 
Cu2+ 18.7 11.0 Hering and Morel, 1988 
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t HEDTA log K0 values were obtained from GEOCHEM-PC , version 2.0 (Parker et al., 
1995). 
t Humic acid (HA) log K0 values were obtained from references in column four (HA 
reference). 
The objective of this study was to compare the effects of no chelate (NC), HA, 
HEDT A, or HEDT A + MES, on micronutrient bioavailability and solution pH buffering 
using hydroponically grown wheat. 
MATERIALS AND METHODS 
Plant Materials and Cultural Conditions 
Wheat ('USU-Apogee') was germinated in a 40-mm layer of moist inert medium 
(Isolite , Sumitomo Corp. , Denver, CO). Four days after emergence, the seedlings were 
transplanted (0 days after transplanting, DAT) to polyethylene tubs (10 plants per tub) 
containing 50 L of nutrient starter solution (Tables 4-2 and 4-3) . The nutrient solution 
level was checked daily with a portable glass manometer bearing a mark showing the 
liquid level setting. Each tub received approximately 76 L ofrefill solution (Tables 4-2 
and 4-3) during growth to replace water and nutrients loss from evapotranspiration . The 
nutrient solutions in each tub were vigorously mixed and aerated using polyvinyl chloride 
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Table 4-2. Organic components of treatment solutions. The starter solution was 
used to fill the system and the refill solution was used to replace transpired water. 
Inorganic components of these treatments are listed in Table 4-3. 
Treatment (symbol) 
No chelate (NC) 
HEDTA + FeCh (HEDTA) 
MES + HEDTA + FeCh 
(MES) 
Humic acid (HA)+ FeCh 
Starter solution 
25.0 µM Fe-HEDTA 
5.0 mMMES (as C) 
25 µMFe-HEDTA 
1.0 mMHA (as C) 
Refill solution 
5.0 µMFe-HEDTA 
0.0 mMMES (as C) 
5.0 µMFe-HEDTA 
0.2 mMHA (as C) 
manifolds fed from an in-house air supply. Nutrient solution pH (5.3 ± 0.3), electrical 
conductivity (0.75 ± 0.1 dS m"1), and air temperature (21 ± 3 °C) were manually 
measured within the greenhouse unit each day. 
The nutrient solution compositions were similar to that used by Grotenhuis and 
Bugbee (1997); however, 15% of the total Nin the refill solution was NH 4-N in order to 
minimize pH shifts . All treatments contained starter solution but varied by the type of 
chelate and buffer used . The four treatments were 1) 25 µM synthetic chelate HEDT A 
(Fe-HEDTA at 0.25 mMC) = HEDTA treatment; 2) 25 µMFe-HEDTA with MES (5 
mM carbon) pH buffer= MES treatment; 3) HA at 1 mM C without HEDT A or MES = 
HA treatment; and 4) no HEDTA or MES = NC treatment. 
Each treatment had its own refill nutrient stock, where Fe was replenished at 7.5 
µMFe, with the source of the Fe (FeCh vs. Fe-HEDTA) dictated by treatment (Table 4-
2). In addition, the HEDT A and MES treatments were resupplied, HEDT A at 5 µMF e-
HEDT A and HA at 250 µMHA (20% of starter concentrations). The MES was added to 
the starter solution but it was not part of the refill solution since it was previously 
determined that it had a minimal degradation rate in nutrient solutions (Bugbee and 
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Salisbury, 1985). The HA (Aldrich Chemical Co., Milwaukee, WI) used in the study 
was dissolved with KOH and desalted by placing it in 15,000 molecular weight cutoff 
dialysis tubing (Spectrum Laboratories, Rancho Dominguez, CA) and soaking it in 
deionized water until the solution electrical conductivity was< 0.1 dS m· 1 (approximately 
2 d). The nutrient solution pH was maintained at 5.3 ± 0.3 by the addition of HNO 3 as 
needed. A somewhat acidic pH is routinely used in hydroponics and was used in this 
study because it improved nutrient availability and it may more accurately reflect pH 
conditions near the root surface. Even with NO 3--dominated soils, rhizosphere pH may 
drop below bulk soil pH (Marschner, 1995). Differences between bulk soil and root 
surface pH can be as much as two pH units (Marschner and Romheld , 1996), but 
rhizosphere boundary layers are so small in hydroponics that essentially the rhizosphere 
and bulk solution pH are similar. 
Sampling and Analysis 
The chemical equilibrium model GEOCHEM-PC (Parker et al., 1995) was used to 
predict metal ion activities among nutrient solution treatments. However, GEOCHEM-
PC does not contain data for HA, so equilibrium constants were obtained from the 
literature (Van Dijk, 1971; Takahashi et al., 1997; Hering and Morel, 1988) and entered 
into the model (Table 4-1). 
Nutrient solution samples (20 mL) were taken weekly and analyzed for total 
organic C (TOC) using a Phoenix 8000 TOC analyzer (Tekmar-Dohrmann, Cincinnati, 
OH). The TOC analyzer used persulfate and UV radiation to convert organic C to CO2, 
which was measured via the infrared detector. The observed TOC values (Fig 4-1 a) were 
those acquired from measuring the solutions directly. The predicted TOC values (Fig . 
4-1 b) were the concentrations that should have been in the nutrient solutions, based on 
what was contributed from either HEDT A or HA in starter and refill solutions. The 
predicted values were not adjusted for TOC that may have been contributed from plant 
root exudates or TOC removed via plant uptake or microbial degradation . To test 
nutrient solution pH buffering capacity, solution samples were taken at 32 DAT and 
adjusted to pH 7.0 with 0.1 MNaOH and then titrated to pH 4.0 with 0.1 M HCl. The 
same procedure was performed with the individual organic components , i.e ., HEDTA, 
HA , and MES , dissolved in distilled water at 1 mM C. 
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Table 4-3. Inorganic components of treatment solutions. The starter solution was 
used to fill the system and the refill solution was used to replace transpired water. 
Organic components of these treatments are listed in Table 4-2. 
Salt 
KN0 3 
NH4Cl 
Ca(N03)2 
KH2P04 
MgS04 
K2Si03 
Fet 
ZnS0 4 
MnClz 
H3B03 
CuClz 
Na2Mo04 
Starter solution 
-------- n1M 
1.0 
0.0 
1.0 
0.5 
0.5 
0.1 
-- ------µM 
35.0 
4.0 
3.0 
2.0 
1.0 
9.0 X 10"2 
Refill solution 
4.0 
1.0 
1.0 
0.5 
0.5 
0.1 
7.5 
2.0 
6.0 
1.0 
1.0 
3.0 X 10"2 
t Total Fe starter solution and refill solution concentrations were equivalent among 
treatments. However, over 70% of Fe in the HEDTA and MES treatments was 
supplied as Fe-HEDTA, rather than as FeCi). The total Fe in each system was 
theoretically ample to supply plant Fe requirements . 
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Fig. 4-1. Nutrient solution total organic carbon (TOC) levels over time. TOC 
measured (observed) in solution (a), and difference in TOC concentration 
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( observed - predicted), (b ), where predicted values represent carbon from no 
chelate (NC), HEDTA, MES-buffer, and humic acid (HA) treatments if no uptake 
or degradation of these substances occurred. Vertical bars = 95% confidence 
intervals. 
A single plant per tub was harvested each week (7 DAT through 56 DAT) , and 
the remaining plants (2 per tub) were left until the final harvest (73 DAT). During each 
harvest, tissue was separated into leaves, stems, roots, heads , and seeds, as applicable. 
All tissue was oven-dried (80 °C for 3 d) prior to weighing. Leaf tissue was ground 
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(2-mm sieve) from the 28, 35, 42, 56, and 73 DAT harvests, digested with HNO3 and 
H20 2, and inorganic elemental content determined by inductively coupled plasma (ICP) 
emission spectrometry. Leaf tissue from all but the MES treatment was analyzed at each 
sample date. The MES solution composition was comparable to the HEDTA solution 
(Tables 2 and 3) and since MES is unreactive with metals (Yu et al., 1997), it should not 
have affected micronutrient uptake. The GEOCHEM-PC model supported this 
assumption, calculating that about 95% of MES would form a complex with H+ and less 
than 0.1 % would form complexes with metals. 
Statistical Analysis 
A completely randomized design was used. Three tubs (replicates) represented 
each treatment. Statistical analysis of data was performed using analysis of variance 
(ANOV A) and least significant differences (LSD) (Minitab 9.1, Minitab Inc., State 
College, PA) (Appendix C). Water uptake and acid use data were repeated measures. 
Absolute growth curves were created using total dry mass data. The data were fitted to 
logistic growth curves using the NLINMIX macro in the SAS computer package (SAS, 
Cary NC) . 
RESULTS AND DISCUSION 
Nutrient Solution Total Organic Carbon 
The TOC analysis was used to indirectly monitor MES, HEDT A, and HA levels 
in solution at 7-d intervals (Fig. 4-1 a). The MES concentration remained relatively stable 
throughout the study (Fig. 4-1 a), which concurs with the findings of Bugbee and 
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Salisbury (1985) . Fig. 4-1 b represents the difference between C measured in solution 
and C predicted to be in solution ( observed minus predicted). Values > 0 represent 
unaccounted C gain in solution and values< 0 represent unaccounted carbon loss from 
the system. Carbon gain may have been from root exudation and C loss may have been 
attributed to plant uptake, mineralization and subsequent loss as CO2cg) or precipitation 
and subsequent settling as C solids. 
Solution TOC levels in the MES treatment were about 0.4 mM lower than what 
was predicted (Fig. 4-lb) but this was still within 10% of the set point (Fig. 4-la). Total 
C from the MES treatment varied less than 10% over time (Fig. 4-1). The HA solution 
TOC values remained steady (-1 mMC) until 28 DAT, after which the TOC dropped to 
levels similar to those in the HEDTA treatment (Fig. 4-1 a). This resulted in a 30% drop 
from the predicted values (Fig. 4-1 b ). A dark brown precipitate formed at the bottom of 
the HA-treated tubs. After the study was terminated some precipitate was collected, 
solubilized with 0.1 MNaOH and analyzed by ICP . Analysis showed high levels ofK , 
Ca, Mg, Fe, and P associated with the precipitate. The GEOCHEM-PC model predicted 
56% of the HA in the starter solution would form a complex with Ca and 23% would 
form a complex with Mg. The calculations also predicted formation of a F ePO4 solid but 
no interaction between K+ and HA was noted. We surmise that an accumulation of 
solution Ca, Mg, and HA over time resulted in flocculation and subsequent precipitation 
of HA from the nutrient solution. We hypothesize that the HA-Ca flocculent acted as an 
exchange complex for K+ sorption. 
The TOC in HEDT A and NC treatments increased over time (Fig. 4-1 a). This 
may have been partly due to root turnover and exudation that were otherwise masked in 
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the high C treatments. The HEDT A treatment also gained C from the HEDT A 
replenishments, which was accounted for. The "TOC observed - TOC predicted" lines 
for HEDT A and NC treatments should have been comparable if there was no HEDT A 
degradation. Linear regressions were performed on these lines (r2 = 0.80) including slope 
and intercept comparisons. The lines had equivalent slopes but significantly different 
intercepts. This suggests that C accumulation from root turnover and exudation was 
similar ( equal slope) between the two treatments and HEDTA degradation was trivial. 
Biomass 
There were no total dry mass or yield differences among treatments at 73 DAT. 
Although a final harvest measurement provides an integrated measure of the effect of 
stress on productivity , growth curves can reflect treatment differences over time. 
Absolute growth was compared among treatments and fitted to logistic growth curves , 
with r2 > 0.98 for all treatments (Fig . 4-2) . An ANOVA test found significant treatment 
differences (P = 0.034) , where the NC treatment was most dissimilar to the HA treatment 
(P = 0.092). It is suspected that the NC plants produced less biomass during early 
growth due to Fe deficiency stress (demand greater than supply) but they later recovered , 
as shown by the high biomass values towards the end of the study (Fig. 4-2). Increased 
root biomass may improve phytosiderophore (PS) production and subsequent Fe 
availability near the roots. Biomass recovery may have been due to later tiller 
development rather than additional growth in the main tiller. The planting density in this 
study was low (- 30 plants m-2), so there was ample space for tiller development. If 
denser plantings were used to minimize tillering, biomass values from the NC treatment 
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Fig. 4-2. Plant growth over time for no chelate (NC), HEDTA, MES-buffer, and 
humic acid (HA) treatments. Absolute growth (g planf 1) was fitted to logistic 
growth curves. The coefficient of determination, r2, for the fitted model was 0.98, 
indicating a very good fit of the model to the data. The P-value for the F-test 
comparing the four treatment groups was 0.0335. Post hoc pairwise comparisons 
of the treatment groups showed NC and HA were the most dissimilar (P = 
0.0916). 
may not have recovered . Further testing of plant density interactions with tillering and Fe 
bioavailability would be useful. 
Water and pH Control Requirements 
There were no differences in cumulative water uptake or water use efficiency 
(WUE), where WUE averaged 3.6 g dry mass per kg H20. Acid-base efficiency 
averaged 0.67 g dry mass per mmol H+. Acid-base efficiency is a function of the acid or 
base added to solution to counteract the amount of either acid or base exuded by roots to 
maintain charge balance within the plant. Plant acid-base efficiency was not affected by 
MES in this study. Although MES slows pH changes in solution, the same total amount 
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of acid or base will be required for pH control for long duration plant studies . The 
cumulative acid use requirement was lower for the NC treatment than the HA treatment 
after 66 DAT (Fig. 4-3). Unlike Strategy I plants (dicots) that release pH-lowering 
organic acids to reduce Fe3+ to Fe2+, Strategy II plants (grasses) release PS which have 
little effect on pH (Romheld , 1987). We observed that under the period of highest Fe 
stress (early growth), the pH decreased in the NC treatment, suggesting that the plants 
either released organic acids or the cation:anion uptake ratio had increased. Although we 
measured TOC increases in the NC solution, it could not be determined how much if any 
was due to organic acids . Additionally, electrical conductivity measurements were taken 
to estimate nutrient solution status, but changes in cation:anion ratios within the solution 
were unknown. To better understand this period of pH decline, more frequent and 
extensive tissue and nutrient solution sampling may be required during early plant 
growth . 
Nutrient Uptake 
A review by Guerinot and Yi (1994) suggested that plants require at least 10-9 M 
soluble Fe for optimal growth . Solution Fe activity in all treatments was controlled by 
solution equilibrium with solid phase FeP0 4, which was about 10-14 M for all treatments. 
An additional 10-4.? MFe was complexed with HEDTA and 10-6 MFe was complexed 
with HA in these treatments, but Fe3+ solution activity in the NC treatment was only 10-14 
MFe. The NC treatment had particularly low leaf Fe (55 mg ki 1) at 28 DAT, which is 
approaching deficiency (50 mg ki 1) (Marschner, 1995), and additional sampling earlier 
in the study might have shown significantly lower Fe values in the NC treatment. 
However, there was no significant difference in leaf Fe concentrations among 
treatments after 28 DAT, which averaged 92 mg kg-1• 
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Fig. 4-3. Nutrient solution acid (HN0 3) requirement for pH control over time, an 
indication of N03- uptake rates for no chelate (NC), HEDTA, MES-buffer and 
humic acid (HA) treatments. Least significant difference (LSD.05) was used to 
compare cumulative acid additions at a fixed date. 
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Graminaceous species release Fe complexing PS under nutrient stress conditions 
(Romheld, 1991). Even under Fe sufficient conditions (0.1 m.MFe-EDTA), Romheld and 
Marschner (1990) found that the application of PS to solution increased Fe uptake several 
fold. Young plants from the NC treatment in this study had interveinal leaf chlorosis, 
suggesting Fe deficiency as a result of insufficient synthesis and release of PS. As PS 
release increased, Fe uptake likely increased, allowing recovery to a maximal growth rate 
(Fig. 4-2). The stability constant for mugeneic acid, a PS, is similar to HEDTA (Nomoto 
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et al., 1987), so it is feasible that PS production in the NC treatment may have resulted 
in plant recovery. 
Geochemical modeling indicated that the Zn2+, Cu2+, and Mn2+ solution activities 
were not regulated by the solubility of solid phases. The Mn2+ activities and free 
concentrations were similar among treatments, with free concentrations averaging 10-5 M. 
Thus, there was no significant difference in leaf Mn levels among treatments (mean = 
300 mg kg-1). In the case of Cu and Zn, leaf concentrations tended to decrease with age 
as the nutrients were remobilized during grain fill (Fig. 4-4) (Marschner, 1995). In 
addition, leaf Cu and Zn concentrations were different among treatments, where the NC 
treatment resulted in the highest leaf concentrations over time (Fig. 4-4) . Perhaps PS 
production in the NC treatment enhanced Cu and Zn bioavailability. For example, 
Treeby et al. (1989) found that barley plants grown with added PS resulted in PS forming 
complexes with Cu and Zn, which led to higher leaf concentrations. In contrast, HEDT A 
forms strong Cu and Zn complexes, which would render them less bioavailable. 
Although the NC treatment had the highest leaf Cu levels, there were no differences in 
leaf Cu levels between the HA and HEDT A treatments (Fig. 4-4a). The calculated free 
Cu2+ concentration was 1o-604 M for the NC treatment, 10-9-05 M for the HA treatment , 
and 10-II.4 Mfor the HEDTA treatment (Table 4-4). Based on leaf Cu levels, the 
calculated Cu2+ free concentration should have been the same for HA and HEDT A 
treatments. This suggests that the Cu2+ equilibrium constant (log K0) may have been too 
low for HA (Table 4-1 ). The calculated Zn2+ free concentration was similar between the 
NC and HA treatments (10-5-43 M) and lower for the HEDTA treatment (10-7-71 M) (Table 
4-4). However , the leaf Zn concentration was greater for the NC treatment than the HA 
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treatment (Fig. 4-4b ), again suggesting that the selected Zn2+ equilibrium constant (log 
K0) for HA may have been low (Table 4-1 ). The discrepancies associated with the Cu and 
Zn results for the HA treatment were not surprising since the HA equilibrium constants 
were a compilation of data from various sources (Table 4-1 ). In contrast, micronutrient 
leaf tissue data for the NC and HEDT A treatments corresponded well to the free metal 
concentrations predicted by the GEOCHEM-PC model. These data indicate that 
equilibrium models can predict nutrient uptake if accurate equilibrium constants are 
implemented. The remaining inorganic analyses are given in appendix Fig. A-5. 
The commercial humic acid used in this study has somewhat different complexing 
properties than those of the humic materials that accumulate in NASA's ALS 
bioregenerative systems. Recent characterization of the hydrophobic portion isolated 
from an ALS bioreactor (Grossi and Mackowiak, 1999) indicated that it was most similar 
to aquatic fulvic acid (FA). For this study, we used about 12 g of dry commercial HA. 
To process this much ALS bioreactor effluent humic material or purchase this quantity of 
well-characterized (International Humic Substances Society) FA would have been labor 
and cost prohibitive . Generally, aquatic FA has greater carboxyl content than HA 
(Thurman, 1986), suggesting that FA may complex more metal ions. Future work will 
address humic substances that more closely reflect the products from bioprocessing. This 
information may then be applicable to other bioprocessing systems, such as biowaste 
systems that create products intended for land application. 
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Fig. 4-4. Leaf tissue Cu (a) and Zn (b) concentrations over time for no chelate (NC), 
HEDT A, and humic acid (HA) treatments. Least significant difference (LSD.os) 
was used to compare leaf Cu and Zn concentrations at a fixed date. Leaf tissue 
from the MES-buffer treatment was not analyzed. 
pH Buffering 
The pH buffering capacity of a solution is determined by the amount (moles) of 
strong acid or base needed to produce a unit change in pH. A pH buffer should be chosen 
78 
that has a pKa value close to the desired pH, which in this case was 5.3. The useful 
range for a pH buffer is considered to be the pKa ± 1 pH unit (Harris, 1982). Buffering 
capacity at pH 5.3 for HA is provided mostly by carboxylic acid functional groups, with 
an average pKa of 4.2 (Thurman, 1986). The MES has one acid dissociation constant 
with pKa = 6.1 (Kandegedara and Rorabacher, 1999), and HEDTA has one acid 
dissociation constant with pKa = 5.6 (Norvell, 1991). Thus, HA, MES, and HEDTA 
would be expected to provide buffering at pH 5.3. We determined the buffer capacity of 
the complete nutrient solutions sampled at 32 DAT by titrating the solutions with 0.1 M 
HCl from pH 7.0 to pH 4.0 (Table 4-5). The MES treatment required nearly three times 
more acid to lower solution pH than the other treatments. The MES acidic functional 
group has little interaction with metal ions (Yu et al., 1997), unlike HEDT A and HA, 
which complex metals that could compete with H+ for binding sites. To compare 
HEDT A, HA, and MES pH buffering capacities without interference from metals or other 
buffering constituents such as phosphates, solutions (buffer+ distilled water) were 
compared at 1 mMC and acid titrated from pH 7 to pH 4, using 0.01 MHCI. The 
buffering capacities were not significantly different except between the HA and MES 
treatments (Table 4-5), where the HA buffering capacity was significantly less than the 
MES solution. Perhaps not all of the HA carbon is directly associated with carboxyl 
groups, thus comparisons based on equimolar C concentrations may not be appropriate. 
Based on these data, we theorized that HEDTA would buffer solution pH as well as MES 
if it was supplied at roughly the same C level and HA at somewhat higher C levels. 
Putting this into practice might be difficult since high concentrations of HEDT A would 
greatly reduce micronutrient bioavailability and higher HA concentrations would likely 
settle out as HA-Ca and HA-Mg flocculates. 
Table 4-4. Metal interactions among treatments as computed by the GEOCHEM 
equilibrium model. 
Free 
concentration Complex or 
Treatmentt Metal -log value (M) solid formed(%) 
No chelate (NC) Fe3+ 13.74 99. 99 solid with PO4-
Mn2+ 5.54 4.2 complexed with so/-
Cu2+ 6.04 5.1 complexed with so/-
Zn2+ 5.43 4.1 complexed with so/-
Burnie acid (HA) Fe3+ 13.93 99.98 solid with PO4-
Mn2+ 5.54 < 1 complexed with HA 
Cu2+ 9.05 99.9 complexed with HA 
Zn2+ 5.43 < I complexed with HA 
HEDTA Fe3+ 13.95 44 solid with PO4-
Mn2+ 5.59 11 complexed with HEDT A 
Cu2+ 11.11 100 complexed with HEDT A 
Zn2+ 7.71 99.0 complexed with HEDTA 
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t The 4-morpholine ethane sulfonic acid (MES) treatment results were comparable to the 
HEDT A treatment. 
Table 4-5. The pH buffering capacities of treatment solutions and the individual 
organic components in distilled water with acid titration from pH 7.0 to 4.0. 
Treatment 
No chelate (NC) 
HEDTA 
Burnie acid (HA) 
MES 
Nutrient solutions at 
32 days after transplant 
(mol HCl m·3) 
0.367 ct 
0.387 be 
0.407 b 
1.063 a 
Organic components in water at 
lmMC 
(mol HCl m-3) 
t 
0.270 ab 
0.254 b 
0.284 a 
t Values followed by the same letter within a column are not significantly different at the 
5%level according to the least significant difference (LSD). 
t There was no organic component to test from the no chelate (NC) treatment. 
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SUMMARY 
Free Fe from Fe phosphate dissolution was inadequate to support normal Fe 
uptake and rapid plant growth. However , when all aqueous Fe species were considered, 
enough Fe was available to prevent Fe deficiencies . Under our environmental conditions, 
complexing agents were only necessary during early plant growth ( < 35 DAT) . Plant 
release of Fe complexing PS probably allowed the NC treatment to recover adequate Fe 
nutrition after an initial stress period . Humic acid improved Fe bioavailability by 
complexing approximately 10-6 MFe, which prevented early Fe deficiency. In addition , 
HA decreased Zn bioavailability less than HEDTA while maintaining adequate levels of 
other micronutrients. Therefore, HA was a successful substitute for HEDT A in our 
system. However, PS and HA equilibrium constants for Fe, Zn, and Cu need to be better 
established in order to accurately model nutrient availability in other hydroponic and soil 
solutions. 
REFERENCES 
Aiken, G.R., D.M . McKnight, R.L. Wershaw, and P. MacCarthy . 1985. Humic 
substances in soil, sediment, and water. Wiley-Interscience , New York. 
Bugbee, B.G., and F.B. Salisbury. 1985. An evaluation of MES (2(N-
Morpholino)ethanesulfonic acid and Amberlite IRC-50 as pH buffers for nutrient 
solution studies. J. Plant Nutr. 8:567-583 . 
Grossl, P.R., and W.P. Inskeep. 1991. Precipitation of dicalcium phosphate dihydrate in 
the presence of organic acids. Soil Sci. Soc. Am. J. 55:670-675. 
Grossl, P.R., and C.L. Mackowiak. 1999. The use of soluble organic matter (SOM) to 
promote plant nutrient bioavailability in bioregenerative life support systems. Society 
of Automotive Engineers 29th International Conference on Environmental Systems 
Proceedings. Denver, CO. 12-15 July 1999. SAE Tech. Paper Ser. #1999-01-2068. 
Warrendale, PA. 
81 
Grotenhuis, T.P., and B. Bugbee. 1997. Super-optimal CO2 reduces seed yield but not 
vegetative growth in wheat. Crop Sci. 3 7: 1215-1222. 
Guerinot, M.L ., and Y.Yi. 1994. Iron: nutritious, noxious , and not readily available . Plant 
Physiol. 104:815-820 . 
Harris , D. C. 1982. Quantitative chemical analysis. W.H . Freeman and Company , New 
York. 
Hering, J.G. , and F.M .M. Morel. 1988. Humic acid complexation of calcium and copper. 
Environ. Sci. Technol. 22 :1234-1237 . 
Jacobson , L. 1951. Maintenance of iron supply in nutrient solutions by a single addition 
of ferric potassium ethylenediamine tetraacetate. Plant Physiol. 26 :411-413. 
Jardine , P.M., N .L. Weber, and J.F . McCarthy . 1989. Mechanisms of dissolved organic 
carbon adsorption on soil. Soil Sci. Soc. Am . J . 53:1378-1385. 
Kandegedara , A. , and D.B. Rorabacher. 1999. Noncomplexing tertiary amines as 
"Bett er" buffers covering the range of pH 3 - 11. Temperature dependence of their 
acid dissociation constants . Anal. Chem . 71 : 3140-3144. 
Marschner , H. 1995. Mineral nutrition of higher plants. Academic Press , San Diego , CA. 
Marschner , H., and V. Romheld. 1994. Strategies of plants for acquisition of iron . Plant 
Soil 165:261-274 . 
Marschner , H., and V . Romheld. 1996. Root induced changes in the availability of 
micronutrients in the rhizosphere p. 557-580. Jn Y. Waisel et al. (ed.) Plant roots. The 
hidden half. Marcel Dekker, Inc., New York. 
Nomoto , K., Y. Sugiura, and S. Takagi. 1987. Mugineic acids , studies on 
phytosiderophores. p. 401-425. In G. Winkelmann et al. (ed.) Iron transport in 
microbes, plants, and animals . VCH, New York. 
Norvell, W.A. 1991. Reactions of metal chelates in soils and nutrient solutions . p . 187-
228. In J.J. Mortvedt et al. (ed.) Micronutrients in agriculture . SSSA Book Ser. 4. 
SSA, Madison, WI. 
Parker, D.R., W.A. Norvell, and R.L. Chaney . 1995. GEOCHEM-PC: A chemical 
speciation program for IBM and compatible personal computers. SSSA Special 
Publication 42:253-269 . 
Rornheld , V. 1987. Different strategies for iron acquisition in higher plants. Physiol. 
Plant. 70:231-234. 
82 
Romheld, V. 1991. The role of phytosiderophores in acquisition of iron and other 
micronutrients in graminaceous species: an ecological approach. Plant Soil 130:127-
134. 
Romheld, V., and H. Marschner. 1990. Genotypical differences among graminaceous 
species in release of phytosiderophores and uptake of iron phytosiderophores. Plant 
Soil 123:147-153. 
Spark, K.M., J.D . Wells, and B.B. Johnson . 1997a. Characteristics of the sorption of 
humic acid by soil minerals. Aust. J. Soil Res. 35:103-112. 
Spark, K.M ., J.D . Wells, and B.B. Johnson . 1997b. Sorption of heavy metals by mineral-
humic acid substrates. Aust. J. Soil Res. 35:113-122. 
Stevenson, F.J . 1982. Humus chemistry : genesis, composition , reactions. Wiley-
Interscience , New York . 
Stott, D.E. , and J.P. Martin. 1990. Synthesis and degradation of natural and synthetic 
humic materials in soils . p. 37-63. In P. Maccarthy et al. (ed .) Humic substances in 
soil and crop sciences: Selected readings. ASA/SSSA, Madison, WI. 
Takahashi, Y., Y. Minai , S. Ambe, Y. Makide , F. Ambe, T. Tominaga . 1997 . 
Simultaneous determination of stability constants of humate complexes with various 
metal ions using multitracer technique . Sci. Total Environ. 198:61-71. 
Thurman, E.M. 1986. Organic geochemistry of natural waters. Kluwer Academic , 
Hingham , MA. 
Treeby, M., H. Marschner, and V. Romheld. 1989. Mobilization of iron and other 
micronutrient cations from a calcareous soil by plant-borne, microbial, and synthetic 
metal chelators. Plant Soil 114:217-226 . 
Van Dijk, H. 1971. Cation binding of humic acids. Geoderma 5:53-67 . 
Yu, Q., A. Kandegedara, Y. Xu, and D.B . Rorabacher. 1997. Avoiding interferences from 
Good's buffers: A contiguous series of noncomplexing tertiary amine buffers 
covering the entire range of pH 3-11. Anal. Bioch. 253:5-56 . 
CHAPTER 5 
BIOGEOCHEMISTRY OF FLUORIDE IN A 
PLANT-SOLUTION SYSTEM 
ABSTRACT 
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Two studies were conducted that measured fluoride (F") bioavailability and uptake 
by rice (Oryza saliva L.) over time. In the first study, rice was grown in solution culture 
(pH 5.0) at 0, 2, or 4 mM Fas KF. In addition, humic acid (HA) was compared with a 
conventional chelate complexing agent , N-Hydroxyethylenthylenediaminetriacetic acid 
(HEDTA) to evaluate F-organic matter interactions . In the second study, F was supplied 
at 0, 0.5, 1.0, and 2.0 mM KF with an additional 2 mM KF treatment containing solution 
Ca at 2x (2 mM Ca) the level used in the first study, to test the effect Ca had on F 
availability and uptake . Total biomass was greatest with HEDTA and F < 1 mM . Leaf 
and stem F concentrations increased exponentially as solution F increased linearly , with 
nearly no F partitioning into the seed. Results from chemical equilibrium modeling 
suggest that total F uptake may be passive as HF, while F" uptake was likely restricted. 
Solution F indirectly prevented HA flocculation via competition with HA for Ca. High 
solution Ca resulted in CaF2 solids forming on the root surface as determined by tissue 
analysis and energy dispersive x-ray spectroscopy. 
INTRODUCTION 
The non-essential human element fluorine (F) has long been added, at 
approximately 0.7 ppm (0.04 mM) to 1.2 ppm (0.06 mM) p- to municipal drinking water 
• 
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(Public Health Service, 1991 ). Levels ranging from 1.5 - 4 mg d-1 are considered safe 
and adequate for the prevention of dental caries (National Research Council, 1989). 
NASA expects to include fluoridation in the bioregenerative life support habitations 
being developed for long-duration planetary stays at destinations such as the moon or 
Mars (Barta and Henninger, 1994; Eckart, 1994; Tri, 1999). They will supply F at 1.5 - 4 
mg d-1 to the space station crew through dental products (Lane and Rice, 1992). 
Public concern over municipal fluoridation of drinking water, soil F 
contamination from industry, and the application of some F-laced fertilizers have 
renewed interest in F effects on plants and animals . For example, hydrogen fluoride 
deposition from some Al smelters, coal burning power plants, and phosphorus fertilizer 
processing plants can harm the foliage of plants living in deposition zones (Arnesen, 
1997; Sun and Su, 1985). Some phosphorus fertilizers and fluorosilicate suspension 
fertilizer additives may provide an additional source of F and increase the bioavailability 
of Al, which in either case may hinder plant growth (Sikora et al., 1992; Singh et al., 
1979; Stevens et al., 2000). Fluorine may enter the animal food chain through ingested 
plants, where ungulates ingesting F-contaminated foliage can succumb to fluorosis 
(Shupe and Olson, 1983). Additionally, there are naturally occurring soils high in F such 
as those found in arid regions of India where increased irrigation has led to F -
contaminated groundwater (Datta et al., 1996). 
Controlling bioavailable F levels in the terrestrial environment or recycled wastes 
from NASA space habitats (Pitts and Drysdale, 1998), require characterization of F 
biogeochemical processes . Two factors controlling F bioavailability in both terrestrial 
and space systems are I) the formation of solid phases with inorganic elements; and 2) 
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sorption by organic matter. In nature F bioavailability is governed by sorption 
reactions that include precipitation-dissolution and adsorption-desorption processes 
occurring at aqueous/solid interfaces. Fluorite (CaF2) may be the most important mineral 
controlling F activity in soils (Lindsay et al., 1989). Soil organic matter may also 
interact with F. For example, an increase in soil pH and formation of organic-Alf 
complexes occurred when F was added to soils (Elrashidi and Lindsay, 1987). Humic 
acid (HA) functional group counterions may also attract F (Farrah et al., 1985). 
Plant F uptake is dependent on solution F activity, pH, substrate composition, and 
plant species. Critical F toxicity ranges from 2 to 5 mM F (Hara et al., 1977; Bar-Yosef 
and Rosenberg, 1988; Stevens et al., 1998b) in several plant species. Increasing plant 
available Ca has led to lower leaf F and increased root F (Brennan et al., 1950), and it is 
conjectured that high root Fis due to CaF2 precipitation either outside or inside the root 
(Ramagopal et al., 1969). The floriculture industry has evaluated Ca as a water additive 
to improve the shelf life of cut flowers stored in fluoridated water. Cut roses pulsed with 
Ca(NO3)2 for 72 h prior to being placed in fluoridated water were less susceptible to F 
leaf injury (Pearson-Mims and Lohr, 1990). Experiments that measured Ca and F uptake 
and desorption from plants found Ca and F uptake patterns were similar but unlike Ca, F 
was easily desorbed from both leaf and root tissue (Garrec and Letourneur, 1981). 
Plant tissues contain very little free Ca. Most is bound to cell wall pectates and 
phosphates, or with oxalates located in vacuoles and the apoplasm (Marschner, 1995). If 
F binds with apoplastic Ca, it does not explain why a large percent of the tissue Fis 
water-soluble, while Ca is not. The ameliorating effect of Ca may be related to its ability 
to bind with F prior to entering the roots or perhaps within the xylem, in the case of cut 
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flowers. Once F has entered the apoplasm, it may proceed through the plasmalemma 
or react with various cations within the apoplasm, thus affecting plant nutrition. There 
have been many reports on the interference of F with membrane function, enzyme 
activity and other metabolic processes (Yang and Miller, 1963; Shupe and Olson, 1983; 
Murphy and Hoover, 1992; Miller, 1993). These effects may not be offset by Ca 
nutrition alone , which might explain why Ca was unable to completely inhibit F toxicity 
in the aforementioned studies. 
The objectives of this study were to 1) use chemical equilibrium modeling and 
tissue analysis to characterize the effects aqueous F has on F uptake and partitioning in 
'Super Dwarf rice; 2) compare HA with N-hydroxyethylethylenediaminetriacetic acid 
(HEDTA) in regard to F availability and uptake; and 3) determine some of the factors 
involved with the ameliorating effects of Ca on F toxicity. 
MATERIALS AND METHODS 
Plant Culture 
Two studies were conducted with rice (Oryza saliva L.) 'U SU-Super dwarf . 
Rice seed was germinated in a 40-mm layer of moist inert medium (Isolite, Sumitomo 
Corp., Denver, CO) and a week after emergence the seedlings were transplanted [O days 
after transplanting (DAT)] to polyethylene tubs (10 plants per tub) containing 50 L of 
nutrient starter solution (Table 5-1, 5-2, and 5-3). The nutrient solution level was 
checked daily with a portable glass manometer bearing a mark showing the liquid level 
setting. A refill solution (Table 5-1 and 5-4) was added whenever the solution level 
dropped below the manometer mark. The nutrient solution in each tub was vigorously 
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Table 5-1. Solution inorganic components for study I. The starter solution was 
used to fill the system and the refill solution was used to replace transpired water. 
Salt 
KF 
KCl t 
KN0 3 
NH4Cl 
Ca(N03)2 
KH2P04 
MgS04 
K2Si0 3 
Fe§ 
ZnS04 
MnCh 
H3B0 3 
CuCb 
Na2Mo04 
Starter solution Refill solution At Refill solution B t 
0, 2, or 4 
4.0 
1.0 
0.0 
1.0 
0.5 
0.5 
0.1 
50.0 
4.0 
3.0 
2.0 
1.0 
0.09 
mM 
0.0 
0.0 
0.0 
2.0 
1.0 
0.5 
0.5 
0.0 
µM 
7.5 
2.0 
3.0 
1.0 
1.0 
0.03 
0.0 
0.0 
1.0 
0.5 
0.5 
0.5 
0.25 
0.0 
7.5 
2.0 
1.8 
0.4 
1.0 
0.03 
t The O mM F treatments received 4 mM KCl to normalize K with the 4 mM KF 
treatments. This solution was used daily to replace the first 25 L of transpired water in 
2 mM KF treatments and the first 50 L of transpired water in the O and 4 mM KF 
treatments , after which , refill solution B was used . 
t Only the O mM F treatments received 4 mM KCl to normalize K with the 4 mM KF 
treatments . 
§ Total Fe concentration in starter and refill solutions were equivalent among treatments. 
All the Fe in the HEDTA treatment starter solution was supplied as Fe-HEDTA and all 
the Fe in the HA and NC treatments was supplied as FeCh. The refill solution 
contained Fe as FeCh for all treatments. Total Fe in each system was theoretically 
ample to supply plant Fe requirements. 
mixed and aerated using polyvinyl chloride manifolds fed from an in-house air supply . 
Nutrient solution pH , electrical conductivity , greenhouse air temperature, and daily 
photosynthetic photon flux values are given in Table 5-5 . 
Nutrient Solution Composition 
Study I. The starter solution was generally the same for all treatments , with 
variation in F concentrations and the type of complexing agent. The three F treatments 
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were 0, 2, and 4 mM F, which was added as KF at 14 DAT (Table 5-1). The three 
complexing agent treatments were 1) 50 µM synthetic chelate N-
hydroxyethylenediaminetriacetic acid (HEDTA) supplied as Fe-HEDT A; 2) humic acid 
(HA) at 1 mM carbon (C) and 50 µM Fe as supplied as FeCh; and 3) no complexing 
agent (NC) and 50 µM Fe supplied as FeCh (Table 5-2). The HA (Aldrich Chemical 
Co. , Milwaukee , WI) used in both studies was dissolved with KOH and desalted by 
placing it in 15,000 molecular weight cutoff dialysis tubing and soaking it in 
distilled /deionized water until the solution electrical conducti vity (EC) was < 0.10 dS m-1 
(approximately 3 d). Non-F treatments received an additional 4 mM KC! at 14 DAT to 
match the K concentration of the 4 mM F treatments. This resulted in a total of nine 
treatments with three replicates (50-L tubs) per treatment. The solution F concentration 
is given in Appendix A, Fig . A-6. 
Table 5-2. Complexing agent treatments for study I. The starter solution was used 
to fill the system. The complexing agents were not replaced by refill solution. 
Treatment (symbol) 
No chelate (NC) 
HEDTA + FeCh (HEDT A) 
Humic acid (HA)+ FeC13 
Starter solution 
0.05 mM Fe-HEDTA 
1.00 mMHA (as C) 
t There was no complexing agent used in the NC treatments. 
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Table 5-3. Beginning nutrient solution treatment compositions for study II. The 
starter solution was used to fill the system. 
Saltt 0mMF 0.5 mMF 1 mMF 2mMF 2 mM F + 2x Ca 
mM 
KF 0.0 0.5 1.0 2.0 2.0 
KCl 1.0 0.5 0.0 0.0 0.0 
NaNO3 0.0 0.0 0.0 1.0 0.0 
KNO3 1.0 1.0 1.0 0.0 0.0 
Ca(NO3)2 1.0 1.0 1.0 1.0 1.5 
CaCh 0.0 0.0 0.0 0.0 0.5 
KH2PO4 0.5 0.5 0.5 0.5 0.5 
MgSO4 0.5 0.5 0.5 0.5 0.5 
K2SiO3 0.2 0.2 0.2 0.2 0.2 
µM 
Fe-HEDTA 50.0 50.0 50.0 50.0 50.0 
ZnSO4 4.0 4.0 4.0 4.0 4.0 
MnCh 3.0 3.0 3.0 3.0 3.0 
H3BO3 2.0 2.0 2.0 2.0 2.0 
CuCh 2.0 2.0 2.0 2.0 2.0 
Na2MoO4 0.09 0.09 0.09 0.09 0.09 
t Each treatment contained 3, 0.5, 2.7, 0.5 mM ofN, P, K, and Mg, respectively . The 0, 
0.5, 1, and 2 mM F treatments contained 1 mM Ca and the 2x Ca treatment contained 2 
mMCa . 
All the treatments received a refill solution to replace nutrients loss via plant 
uptake. However , K was left out of the 2 and 4 mM F treatments until 25 Land 50 L of 
refill were used , respectively . This allowed for the nutrient solution Kin all treatments to 
decrease with plant uptake to a level (- 3 mM) typically found in standard nutrient 
solutions. When nutrient solution EC rose above 1.3 dS m-1 (- 50 DAT), DI water 
containing 7.5 µM FeCh was used as the refill solution in order to moderate EC . 
Study 11. All treatments contained a starter solution. At 14 DAT the F treatments 
were added at 0, 0.5, 1, 2, mM F and 2 mM F + 2mM Ca (Table 5-3). This resulted in a 
total of five treatments with three replicates (50-L tubs) per treatment. All the treatments 
Table 5-4. Refill solution compositions for study II. The refill solutions were used 
to replace transpired water. 
Saltt 0- 21 DATt 21 - 37DAT 37-63DAT 
mM 
NH4NO3 2.0 0.0 0.0 
NH4Cl 0.0 2.0 1.0 
KNO3 0.0 2.0 3.0 
Ca(NO3)2 1.0 1.0 1.0 
KH2PO4 0.5 0.5 0.5 
MgSO4 0.5 0.5 0.5 
µM 
FeC13 7.5 7.5 7.5 
ZnSO4 2.0 2.0 2.0 
MnCh 3.0 3.0 3.0 
H3BO3 1.0 1.0 1.0 
CuCh 1.0 1.0 1.0 
Na2MoO4 0.03 0.03 0.03 
t Days after transplant. Refill solutions were adjusted periodically to moderate pH 
changes with NH4 + and to meet K demand. 
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received the same refill nutrient solution to replace nutrients and water loss via plant 
uptake. The refill solution was modified over time (Table 5-4). 
The chemical equilibrium model GEOCHEM-PC (Parker et al., 1995), was used 
to predict metal ion activities among nutrient solution treatments. However , 
GEOCHEM-PC does not contain data for HA, so equilibrium constants taken from the 
literature (Van Dijk, 1971; Takahashi et al., 1997; Hering and Morel , 1988) were entered 
into the model. The -log Ksp for solid phases CaF2 and MgF2 in the GEOCHEM-PC 
model were 9.1 and 10.1, respectively. However, based on the F equilibria work of 
Elrashidi and Lindsey (1985), we updated the model values to 10.4 and 8.01, 
respectively. These modifications shift the model reactions towards lower CaF2 
solubility and greater MgF2 solubility. The solution F concentrations are given in 
Appendix A, Fig. A-7. 
Sampling and Analyses 
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Nutrient solution samples (20 mL) were taken weekly from study I and analyzed 
for dissolved organic C (DOC) using a Phoenix 8000 TOC analyzer (Tekmar-Dohrmann, 
Cincinnati, OH). Another set of 10-mL samples was taken for F analysis , which were 
mixed with 10 mL of total ionic strength adjustment buffer (TISB) and then analyzed for 
P-using an Orion combination ion selective electrode (Orion Research, Inc., Cambridge , 
MA). Additional 100 mL samples were taken from study I at the time of plant sampling 
(28, 65, and 100 DAT), and sent to NASA's Kennedy Space Center for elemental 
analysis using ICP emmision spectrometry . 
Table 5-5. Nutrient solution and environmental parameters for rice studies I and II. 
Parameter Study I Study II 
Solution pHt 5.0 ± 0.5 4.8 ± 0.3 
Solution electrical conductivity t 
initial value (dS m·1) 
0.47 ± 0.01 0.71 ± 0.07 
Solution electrical conductivity t 1.44 ± 0.09 1.50 ± 0.08 
end value (dS m·1) 
Air temperature 29 27 
light phase (°C) 
Air temperature 22 22 
dark phase (°C) 
Photosynthetic photon flux t 
(mol m·2 d"1) 
28 31 
t Mean values taken from daily measurements± standard deviation . 
t Values based on weekly canopy measurements. Lighting was supplemented with four 
400-watt high-pressure sodium lamps. 
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Six plants per tub were harvested at 28 and 65 DAT and the remaining plants ( 4 
per tub) were left until the final harvest ( 100 DAT) for study I. Five plants were 
harvested at 35 and 63 DAT from study II (only 63 DAT data presented). During each 
harvest, tissue was separated into seeds, heads, leaves, stems, and roots for study I or 
shoot (leaves + stem) and roots for study II. Roots were not rinsed in order to preserve 
any existing element surface coatings; however, excess nutrient solution was manually 
squeezed from the roots prior to drying. All tissue was oven-dried (80 °C for 3 d) prior to 
weighing. Tissue samples were ground (2-mm sieve), digested with HNO3 and H2O2, and 
inorganic elemental content was determined by ICP emission spectrometry. Additional 
samples were processed for F detection using the alkali fusion-selective ion electrode 
technique described by McQuaker and Gurney ( 1977). Briefly, plants (250 mg) were 
fusion digested with 16 M KOH in Ni crucibles in a muffle oven at 600 °C for 30 min. 
Following cooling the samples were resolublized with 10 mL water and pH adjusted to 8-
9 with HCl. They were then diluted to 100 mL and filtered through Whatman No. 42 
paper. Equal volume of sample and TISB were combined and analyzed for F with an ion 
selective electrode. 
In study II, samples of 63 DAT oven-dried roots were mounted on stubs, coated 
with carbon using an ion beam sputterer, and examined with a Hitachi S-4000 scanning 
electron microscope (SEM). Energy dispersive x-ray (EDX) digital dot mapping for F 
and Ca was done with the Link EXL 1000 EDX system (Oxford Instruments , Oak Ridge 
TN). Roots for EDX dot mapping were oven dried instead of using the typical tissue 
preparation process i.e. , solution fixation, which washes away root coatings . Additional 
oven-dried ground shoots from the O mM, 2 mM, and 2 mM F + 2x Ca treatments were 
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put through a fractionated chemical analysis of different binding forms of Ca and F in 
the shoots, with the methods described by Fink (1991). However, oven-dried material 
may skew Ca values from water-soluble to acetic acid and HCl soluble fractions 
(Bradfield, 1977). Since our interest was in relative changes in fractionation among 
treatments, the use of oven-dried material was adequate for our purposes. The extracts 
were analyzed for Ca by ICP emmision spectrometry and F by ion selective electrode, 
using the methods previously described. Ground shoots (0 mM, 2 mM and 2 mM F + 2x 
Ca treatments) were macerated in deionized water and prefiltered with a Whatman's #1 
(11 µm) filter paper and then filtered through a Whatman's GF/C (1.2 µm) filter. The 1.2 
µm filter was dried (30 °C) for 24 h, placed on stubs and sputter coated with Pt in order to 
view examples of Ca oxalate crystals using SEM. 
Statistical Analysis 
A completely randomized 3 x 4 factorial design with three complexing agents, 
four levels of F, and three replicates was adopted for study I and a completely 
randomized design with three replicates was adopted for study II. Data were analyzed 
using analysis of variance (ANOV A) procedure and the level of significance was 
calculated from the F values of ANOVA (Prism 3.0, Graphpad software , Inc., SanDiego, 
CA) (Appendix C). Graphical relationships were described with linear regression 
analysis. 
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RESULTS AND DISCUSSION 
Growth and Partitioning 
Plants grown with HEDT A had greater relative growth rates (grams growth per 
gram biomass per day) than plants grown with HA at 0 mM F, but if2 or 4 mM F was 
added, then HEDTA and HA treatment effects were indistinguishable (Fig. 5-1 ). Plants 
treated with 4 mM F or plants grown without a complexing agent (NC) had the lowest 
RGR throughout the study (Fig. 5-1 ). The complexing agent effects differed from those 
found with wheat plants, where HA treated wheat grew as well as wheat treated with 
HEDT A (Mackowiak et al., 2001 ). Response differences between species is likely due to 
rice being less able to release sufficient Fe complexing phytosiderophores, unlike wheat 
(Lytle and Jolley, 1991 ). Therefore, a strong complexing agent such as HEDTA 
apparently benefited rice more than wheat in our studies. Regardless of F dosage, plants 
grown without any complexing agent (NC treatments) had been so greatly inhibited, they 
are excluded from further discussion. 
In study II, F above 0.5 mM inhibited total plant biomass, but additional solution 
Ca mitigated some of the F toxicity response (Table 5-6). Based on results from study II, 
instantaneous growth (total biomass at 63 days) was a direct function of the measurable 
(ion electrode method) F concentration in solution (Fig. 5-2). However, germination 
results showed no toxic effects (Table A-2). 
Since HA had no influence on F partitioning in the plant, the data were combined 
to show that at 2 mM solution F, tissue F content in decreasing order was root= stem= 
leaves> chaff> seed, and at 4 mM solution F, tissue ranking was root> stem> leaves > 
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Fig. 5-1. Complexing agent and F effects on rice relative growth rate (RGR) in 
study I. Least significant difference (LSDo.os) was used to compare treatment 
means. HA, humic acid; HEDTA, N-Hydroxyethylenthylenediaminetriacetic 
acid; NC, no complexing agent. 
chaff> seed (Fig. 5-3). The relatively low seed F is typical of elements that are 
transported via the xylem but 1) do not reach the phloem; 2) are phloem immobile; or 3) 
perhaps a barrier prevents F transport into the seed. 
Table 5-6. Effect of F treatment on total biomass and tissue F and Ca composition 
in study I. 
Treatment Plant dry mass Shoot pt Root pt Shoot Ca Root cat 
g planf 1 mgkg· 1 mg kg· 1 mg kg· 1 mgkg· 1 
0mMF 14.12 at 24.9 a 48.2 a 5163 a 2107 a 
0.5 mMF 10.77 ab 71.7 b 195.3 b 3097 b 2307 a 
1.0 mMF 7.81 be 148.5 be 540.8 b 3615 b 2650 a 
2.0mMF 2.84 d 394.9 d 3217 C 3753 b 6313 b 
2.0mMF 
+2x Ca 6.05 cd 315.7 cd 21627 d 4068 ab 51200 C 
P-value < 0.0001 < 0.0001 < 0.0001 0.0054 < 0.0001 
t One-way ANOVA with log transformed data. 
t Mean separation by Tukey test. Means within a column followed by the same letters 
are not significantly different at P = 0.05. 
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1.6 
Fig. 5-2. In study II a linear relationship of total plant biomass and solution F was 
found, as measured with ion selective electrode. Each data point represents one 
observation. 
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Fig. 5-3. Solution F effect on F partitioning in rice plants for treatments in study I. 
The N-Hydroxyethylenthylenediaminetriacetic acid (HEDTA) and humic acid 
(HA) data were combined. Data were plotted on a log scale for the y-axis and 
ANOV A performed on the log transformed data. Vertical bars == standard error 
(SE). 
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The first mechanism involves ion trapping, where weak acids such as HF 
dissociate subsequent to membrane transport from a region of relatively low to higher pH 
(i.e., apoplasm to cytoplasm or xylem to cytoplasm). This leads to a buildup of the 
dissociated anion (Bromilow and Chamberlain, 1995). The second mechanism is 
unlikely since another halogen , er, is phloem mobile and F has characteristics (negative 
octanol/water partition coefficient) that suggests phloem mobility (Bromilow et al., 
1990). The third mechanism has some supporting evidence . Laszlo (1994) has found 
that the seed coat greatly limited Ca transport into soybean seeds from phloem and the 
apoplasm . Seeds from Minuartia verna and Rumex obtusifolius grown in F-contaminated 
soils contained approximately 35 mg kt 1 F if seed coats were removed , but values 
increased by over 1000-fold if seed coats were included in the analysis (Cooke et al., 
1976). There are few reports on F partitioning into the grain of seed crops . Relatively 
low seed F was found with soybean (Ghiasseddin et al., 1981), rice (Singh et al., 1979; 
Sun and Su, 1985), and our rice data. 
F Bioavailability 
Plant water uptake and tissue F data can be used to determine if F uptake was an 
active, passive or restricted process. If shoot F was greater than the total amount supplied 
via transpiration (nutrient solution uptake), F uptake was likely active. If shoot content 
approximated the transpiration supply, then F uptake was likely passive, and if shoot 
content was less than the supply, then F uptake may have been restricted. From the total 
amount of F taken up by the plant relative to water uptake via transpiration, passive F 
uptake values were predicted (Table 5-7). An estimate of the activities of the major 
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Table 5-7. Nutrient solution activities calculated with GEOCHEM-PC. 
Complexing Passive F 
Treatment agent Ca2+ p- HF CaF2 solid uptake t 
Study I mM mM mM mM mM 
0mMF HEDTA 0.626 ---t 
humic acid 0.216 
2mMF HEDTA 0.179 0.472 7.54 X 10-3 0.734 1.2 X 10-2 
humic acid 0.042 0.975 l.55x 10-2 0.461 4.1 X 10-2 
4mMF HEDTA 0.012 1.803 2.27 X 10-2 0.981 9.3 X 10-3 
humic acid 0.007 2.366 2.37 X 10-2 0.690 7.3 X 10-3 
Study II 
0mM F HEDTA 0.661 
0.5 mM F HEDTA 0.595 0.258 4.07 X 10-3 0.103 1.5 X 10-3 
l.0mMF HEDTA 0.450 0.297 4.76 X 10-3 0.332 2.7 X 10-3 
2.0mMF HEDTA 0.179 0.472 6.00 X 10-3 0.734 4.2 X 10-3 
2.0mMF 
+2xCa HEDTA 0.743 0.231 4.63 X 10-3 0.867 6.0x 10-3 
t Solution F concentrations required to support passive F uptake . Values calculated from 
shoot F concentration, shoot dry mass , and water uptake per plant through 65 days after 
transplant (DAT) for study I and 63 DAT for study II. 
t Treatment does not contain F. 
bioavailable F species is also required. The chemical equilibrium model GEOCHEM-PC 
(Parker et al., 1995), was used to calculate these values. The results of those calculations 
are given in Table 5-7. 
The model shows that p- had greater activity than HF, but if P- uptake was 
predominantly passive there should have been much higher shoot F than what was 
measured. Therefore, it may be concluded that F uptake was highly restricted . However , 
it is possible that the more membrane permeable HF species was the form absorbed. 
Stevens et al. (2000) dismissed the possibility of HF being a major player in F uptake in 
their study because its activity at pH 5.5 was 103 times lower than P- activity. However , 
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HF activity increases as the solution pH decreases (log Ka = -2.24, Elrashidi and 
Lindsay, 1985). Tomato, oat (Stevens et al., 1998a), rye grass, wheat (Horner and Bell, 
1995), and Chlorella vulgaris (Rai et al., 1998) F toxicities worsened with decreasing pH, 
similar to what we saw with rice germination tests (Table A-3). The permeability 
coefficient for HF passing through a lipid bilayer membrane is approximately 1.4 x 10 -4 
cm s-1, whereas Fis 4.9 x 10-11 cm s-1 (Gutknecht and Walter , 1981). It is conceivable 
that HF uptake might exceed F uptake, even at pH 5.5. If HF was the major species 
taken up, then the predicted nutrient solution HF activities required to support passive F 
uptake should be in range of the predicted F activity (Table 5-7). Plants grown in neutral 
to alkaline pH soils would likely tolerate higher soil F in part because available F would 
be as F (Horner and Bell, 1995; Stevens et al., 2000). Additionally , other elements found 
in calcareous soils , namely Ca, Mg, and P, form insoluble solids with F. 
Chemical equilibrium modeling predicted significant F/HA/Ca solution 
interactions, where increasing For HA resulted in less free Ca2+ activity (Table 5-7) . 
Additionally, this was supported by the solution Ca levels from study I (Fig. 5-4). The 
model also calculated a decrease in HA-Ca complexation with increasing solution F, 
where concentrations from the 0, 2, and 4 mM F treatments would result in 66, 48 , and 
30% of HA complexing with Ca, respectively. By monitoring nutrient solution DOC, we 
observed behavior predicted by the model (Fig. 5-5), where lower solution F resulted in 
increased flocculation and subsequent HA precipitation. Others have reported similar 
findings (Farrah et al., 19 8 5; KremLenkova and Gaponyuk, 19 84). 
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Fig. 5-4. Solution F and complexing agent effects on nutrient solution Ca 
concentration over time in study I. HA, humic acid; HEDTA, N-
Hydroxyethylenthylenediaminetriacetic acid. Least significant difference 
(LSDo.os) was used to compare treatments. Mea surable Ca tended to decline with 
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Hydroxyethylenthylenediaminetriacetic acid. Least significant difference 
(LSDo.os) was used to compare treatment means. With increasing solution F, 
more HA remained in solution, likely due to a decrease in HA-Ca flocculation. 
Carbon in the HEDT A treatment came from the chelate. 
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Study II: Ca-F Interactions 
Root Ca increased significantly with increasing solution F, and the addition of 2x 
Ca resulted in a 8-fold increase in root-associated F (Table 5-6). The roots were not 
washed at harvest so any surface coatings were meant to be included in the analysis. To 
better discern where the F and Ca were located, scanning electron microscopy (SEM) and 
energy dispersive x-ray (EDX) dot mapping of oven-dried root segments were performed. 
The majority of root-associated F was located on the root surface, rather than internally 
(Fig. 5-6). In contrast, Ca seemed to be evenly distributed among internal tissues and the 
root surface (Fig. 5-6a). However, roots from the 2x Ca treatment resulted in much 
stronger F and Ca signals from the root surface (Fig. 5-6b). It appears that CaF2 solids 
were forming on the root surface in the 2x Ca treatment. Additional support can be found 
in the shoot tissue concentrations, where 2x Ca resulted in some decline in shoot F, likely 
due to F being diverted to CaF2 root coatings (Table 5-6). Entire tissue inorganic analysis 
results are given in Table A-4. 
Shoot Ca declined in F treatments but recovered somewhat when 2x Ca was 
included (Table 5-6). Nonetheless, shoot Ca in the 2x Ca treatment was not as high as 
would be expected from the geochemical modeling, which indicated free solution Ca2+ 
concentrations would completely recover (Table 5-7). Some of the Ca was bound to root 
surfaces in the 2x Ca treatment, likely as a CaF 2 solid phase (Fig. 5-6b ). Even so, 
solution F did not cause deficient shoot Ca, where critically low levels have been 
suggested to be below 1000 mg kg-1 in grasses (Marschner, 1995). 
A series of extractions was conducted to determine Ca and F distribution in shoot 
tissue where 1) a water extraction represented free Ca2+ and P-; 2) an acetic acid 
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h.2mMF 
Fig. 5-6. Scanning electron micrographs of oven-dried rice root segments from the 2 
mM F (a) and the 2 mM F + 2x Ca (b) treatments, respectively. The energy 
dispersive x-ray digital dot maps represent root surface Ca and F, respectively. 
extraction represented Ca and F associated with the middle lamella , specifically pectat es 
and phosphates; and 3) an acid extraction represented Ca and F associated with cell walls 
or oxalates (Bradfield, 1977) . In response to F additions, most Ca was recovered with the 
HCl extraction. No treatment difference s were found with the water extraction and only 
a slight Ca increase with the acetic acid extraction , as solution F increased (Tabl e 5-8). 
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Fig. 5-7. Scanning electron micrographs of Ca oxalate crystals from untreated (a) 
and F-treated shoots (b ). Samples were taken from macerated, oven-dried shoot 
(leaves + stem) tissue. 
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The decrease in acid extractable Ca (from 70% to 42%) with increasing F suggests 
decreased Ca oxalates (Fig. 5-7a), whereas the acetic acid extraction results may suggest 
some CaF2 formation in the middle lamella. The control plants had comparable oxalate 
percentages as those prepared from living rice leaf tissue (Shibata et al., 1981 ), but the 
lower water soluble Ca values in our studies may be an artifact of using oven-dried tissue. 
Increasing solution F had no effect on F fractionation within the shoots. The 
greatest concentration ofF was found in the water (28%) and acetic acid extractable (51 -
55%) components (Table 5-8). Similar to our results, others have reported that over 50% 
ofleafF is water soluble, compared to less than 20% of Ca (Venkateswarlu et al., 1965; 
Garrec and Letoumeur, 1981 ), which suggests that most plant F does not interact directly 
with cell wall Ca. Based on our data it appears that F inhibits Ca oxalate formation either 
directly by preventing Ca from entering the plant, or indirectly by affecting oxalic acid 
availability. Entering the plant predominantly as HF, the pH dependent dissociation 
products H+ and F should increase plant organic acid requirements to buffer cellular pH 
(Marschner, 1995). Libert and Franceschi (1987) have suggested that oxalic acid plays a 
pH buffering role. Yang and Miller ( 1963) reported that F-treated plants had increases in 
several different organic acids, although they did not report on oxalic acid specifically. 
A SEM survey revealed the presence of calcium oxalate crystals in macerated 
shoot extracts (Fig. 5-7a). In treatments containing F, tetragonal crystals were prevalent, 
and energy dispersive x-ray (EDX) spectral readings identified Ca, C, and 0, suggesting 
they may have been Ca oxalate crystals (Fig. 5-7b ). Although several crystal 
morphologies can coexist within a plant (Franceschi and Homer, 1980), tetragonal Ca 
crystals have not been specifically reported in rice tissue (Shibata et al., 1981 ). It is 
Table 5-8. Relationship between F and Ca supplies and proportion of F and Ca 
in rice shoot fractions. 
Leaf tissue 
F treatment Extraction solvent Ca F 
mM mgkg ·1 
0 H2O 367 nat 
0 C2H4O2 (acetic 880 nat 
acid) 
0 HCl 2950 nat 
2 H2O 703 372 
2 C2H4O2 (acetic 1156 675 
acid) 
2 HCl 1329 281 
2 + 2x Ca H2O 478 128 
2 + 2x Ca C2H4O2 (acetic 902 247 
acid) 
2 + 2x Ca HCI 1808 76 
SEMt 266 87 
F values from ANOV A 
Source of variation 
F treatment 11** 232** 
Extract solvent 171** 
Treatment x solvent 30** 
*,**significant at probability levels P < 0.5 and < 0.01, respectively. 
t na = not applicable 
t SEM = standard error of the mean. 
79** 
13* 
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interesting to note that similar tetragonal Ca crystals were propagated on sugar beet and 
carrot leaves via the infection hyphae of Sclerotium rolfsii, which releases oxalic acid or 
by treating leaf discs with 10 mM oxalic acid (Punja and Jenkins, 1984 ). They suggest 
that the additional oxalic acid stripped away pectate Ca, thus weakening the cells for 
pathogenic invasion. Our fractionation results suggest most of the shoot F was associated 
with pectates (Table 5-8). Perhaps by disrupting the intercellular Ca pectate structures , 
additional Ca was free to bind with oxalic acid , thus forming the atypical tetragonal 
crystals. Further work is needed to quantify the effects of Fon total oxalic acid 
concentrations and the morphology and distributions of Ca oxalate crystals in plants. 
SUMMARY 
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Rice growth decreased as solution KF increased from O to 4 mM . Roots 
contained the highest F concentrations, with very little F partitioning into the grain. In 
slightly or moderately acidic environments , HF rather than F may be controlling total F 
uptake, but some restricted F uptake may be involved as well. Although HA had no 
effect on F uptake, it played a significant role in nutrient solution dynamics , where 
increasing solution F greatly reduced soluble Ca and its ability to promote HA 
flocculation . Providing extra solution Ca greatl y increased CaF2 coatings on root 
surfaces, thereby restricting F entry into the plants by 20%. Once in the plant , it appeared 
that F was bound to Ca pectates or phosphates . It is hypothesized that F may have 
diverted some Ca from the middle lamella resulting in the formation of Ca oxalate 
tetragonal crystals . However , further work is required to validate this observation. 
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CHAPTER6 
IODATE AND IODIDE EFFECTS ON IODINE UPTAKE AND PARTITIONING IN 
RICE (ORYZA SATIVA L.) GROWN IN SOLUTION CULTURE 2 
ABSTRACT 
In the Xinjiang province of western China, conventional methods of iodine (I) 
supplementation (i.e. , goiter pills and iodinated salt) used to mitigate I deficiencies were 
ineffective. However, the recent addition of KIO3 to irrigation waters has proven 
effective. This study was conducted to determine the effects of I form and concentration 
on rice (Oryza sativa L.) growth, I partitioning within the plant , and ultimately to assist in 
establishing guidelines for incorporating I into the human food chain. We compared 1O3-
vs. r in order to determine how these chemical species differ in their biological effects. 
Rice was grown in 48-L aerated tubs containing nutrient solution and 103- or rat 0, 1, 10, 
or 100 µM concentrations (approximately 0, 0.1, 1, and 10 mg kg-1 I) . The 103- at 1 and 
10 µM had no effect on biomass yields, and the 100 µM treatment had a small negative 
effect. The rat 10 and 100 µM was detrimental to biomass yields. The 103- treatments 
had more I partitioning to the roots (56%) on average than did the r treatments (36%) , 
suggesting differences in uptake or translocation between I forms. The data support the 
theory that 103- is electrochemically or biologically reduced tor prior to plant uptake. 
None of the treatments provided sufficient I in the seed to meet human dietary 
requirements. The I concentration found in straw at 100 µM 10 3- was several times 
2 Coauthored by C.L. Mackowiak and P.R. Grossi. Reprinted from Plant and Soil, vol. 212, pp . 135-143 , 
Copyright 1999, with pennission from Kluwer Academic . 
greater than seed, and could provide an indirect source of dietary I via livestock 
feeding on the straw. 
INTRODUCTION 
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Iodine is an essential micronutrient for mammals, including humans. Iodine 
deficiency, though easily treated, continues to be a problem for approximately one fifth 
of the world's population. Goiter, or enlargement of the thyroid, has been recognized for 
many years as a symptom ofl deficiency. In severe cases, deficiency can result in 
cretinism, a form of mental retardation. Iodine deficiency is the largest preventable cause 
of mental retardation worldwide (Cao et al., 1994). 
Volatilization from oceans and precipitation of ocean water is the origin of most I 
that enters the food chain (Fuge and Johnson, 1986). Thus, people living far removed 
from oceans require I supplements to prevent the various mental and developmental 
problems associated with deficiency (Dunn, 1992). One region showing severe I 
deficiency symptoms is Xinjiang Province in Western China, where the usual methods of 
I supplementation (i.e., iodized salt and goiter pills) have been ineffectual because of 
population location and culture. Recently, an alternative approach of adding potassium 
iodate (KI03) to irrigation water was found to be an effective and economical method for 
reducing I deficiency symptoms within the local population (Cao et al., 1994). 
Plant I uptake is dependent upon the amount and form of I present at the root 
surface. Both forms ofl, iodate (I0 3-) and iodide (r), can coexist in soils (Yuita, 1992). 
The ratio of soluble r to 103- is strongly dependent upon the electrochemical redox 
conditions present in soils. For example, under oxidized conditions 103- is the more 
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abundant species, while under flooded soil conditions l- is the dominant form of 
soluble l (Yuita, 1992). Thus, it is important that I bioavailability studies consider both 
forms of soluble I. 
Although l is an essential element for animals (150 µg is the US recommended 
daily requirement for adult humans), its essentiality has not been established for plants. 
Even so, plants accumulate I, with the amount dependent on its form, concentration, and 
the plant tissue involved . Representative plant tissue concentrations of I are available 
from several field studies. For example, Yuita (1982) found an I range of 0.4 - 1.6 mg 
kg-I in rice leaves when grown on soils containing 2 - 6 mg kg-1 r. These values are 
similar to sampled herb and forest plants in the region , suggesting that the overall 
availability of I played a greater role in plant l content than did plant species . 
Solution culture studies have shown that plants could tolerate higher levels ofl0 3-
than r , and that very low concentrations ofl (0 .02 - 0.2 mg kg-I), regardless of form, 
were beneficial to several crop plants , particularly halophytes (Borst Pauwels , 1961 ). 
Greater 103-tolerance was likely due to a greater uptake of rover 103- (Borst Pauwels , 
1961 ; Whitehead, 1973) . It has been concluded that 103- is electrochemically reduced to 
r before uptake (Boszormenyi and Cseh, 1960 ; Whitehead , 1975) . Umaly and Poel 
( 1971) found that as the valency and molecular weight of the I species increased, overall I 
uptake decreased . Thus, 103- with a valency of +5 would not be taken up as easily as r 
with a valency of -1. 
Iodine is mainly retained in the roots of several plant species, with transport to 
shoots increasing with increasing soil I (Whitehead, 1973). Compared with other halides , 
plants accumulate l at low levels similar to fluorine , rather than the relatively high levels 
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of accumulation associated with bromine and chlorine (Whitehead, 1975). In foliar 
spray studies, Berrett et al. (1962) concluded that r transport was primarily via the 
xylem , with little to no phloem transport, suggesting that I would not readily accumulate 
in the seed of plants. This is in agreement with studies by Sheppard and Evenden (1992) , 
who reported that com growing on a commercial soil mix containing 50 mg kg"1 I had 
concentrations of 5.2 mg kg"1 I in the leaves and only 0.6 mg kg· 1 in the kernels . 
Muramatsu et al. (1989) found a similar I partitioning relationship in field-grown rice. 
Iodine toxicity within the plant may be caused by the intracellular oxidation of r to Ii, 
resulting in the inhibition of photosynthetic processes (Mynett and Wain , 1973 ). 
The objective of this stud y was to investigate the dose response relationships of 
10 3- and r on hydroponically cultured rice (Oryza sativa L.). We tested both I forms at 0, 
1, 10, and 100 µM (approximately 0.2 , 1, and 10 mg kg· 1 I) . Sequential plant harvests 
were performed to determine differences in the uptake and partitioning of r and I 0 3 · over 
time and to determine whether rice treated with I would accumulate sufficient I in the 
grain to meet human dietary requirements . 
MATERIALS AND METHODS 
Plant Materials and Culture Conditions 
Rice (Oryza sativa L., cv. 29-Lu-1) seeds were germinated in a 10-mm layer of 
inert medium (Isolite, Sumitomo Corp., Denver, CO, USA) suspended by plastic window 
screening over an aerated solution containing 2 .5 mM Ca(NO 3) 2. The bubbling action of 
the nutrient solution kept the Isolite moist during germination. 
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At 4 d after emergence, the seedlings were transplanted (1 d after planting, 
DAP) to polyethylene tubs (10 plants per tub) containing 48 L of nutrient starter solution 
(Table 6-1 ). A portable glass manometer was used to measure the nutrient solution level 
in each tub . The liquid level was checked daily and refill solution (Table 6-1) was added 
whenever the solution level dropped below the predetermined mark on the manometer. 
Polyvinyl chloride (PVC) manifolds fed from an in-house air supply aerated the nutrient 
solutions in each tub. Nutrient solution pH , electrical conductivity and temperature , as 
well as air temperature and relative humidity were manually measured within the 
greenhouse unit each day. Plant height and canopy level photosynthetic photon flux 
(PPF) were recorded throughout the study, beginning at 19 DAP . 
At 5 DAP, the plants were thinned to eight per tub (0.33 m2 growing area per tub) 
or 24.2 plants m·2. At 26 DAP, the I treatments were added. Depending on the treatment , 
I was added as KI or KI0 3 at 0, 1.0, 10, or 100 µM (approximately 0, 0.1, 1, and 10 mg 
kg·1 I) to each tub . At 26 DAP , the refill solutions also contained the same treatment 
concentrations of I. 
Sequential plant harvests occurred at 46 and 77 DAP. A single plant from each 
replication of each treatment was removed and separated into root, leaves, stem, and 
reproductive tissue, when applicable. At 113 DAP, the six remaining plants from each 
tub were harvested and separated into roots, leaves, stems, chaff, and seeds. Dry mass 
( oven dried at 70 °C for 3 d) was determined for all tissue. Tissue from each treatment 
was ground through a 1-mm mesh screen prior to I analysis. 
Table 6-1. Nutrient solution composition for rice. The starter solution was usd 
to fill the system and refill solution was used to replace transpired water. 
Salt Starter solutiont Refill solutiont 
mM 
KNO3 1.0 4.0 
NH4Cl 0.0 1.0 
Ca(NO3)2 1.0 1.0 
KH2PO4 0.5 0.5 
MgSO4 0.5 0.5 
K2SiO3 0.1 0.1 
µM 
FeCl3 10.0 2.5 
FeCh-HEDTA 25.0 5.0 
H3BO3 2.0 1.0 
MnCb 3.0 6.0 
ZnSO4 4.0 2.0 
CuCb 1.0 1.0 
Na2MoO4 0.09 0.03 
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t Nutrient solution recipe taken from Grotenhuis and Bugbee , 1997. 
i KIO3 or KI at 0, 1, I 0, and 100 µM were incorporated into the starter solution at 26 
days after planting (DAP), depending upon the treatment. In addition, these same 
iodine concentrations were part of the refill solutions after 26 DAP, assuming passive I 
uptake by the plants. 
Iodine Analysis 
Ground plant tissue was digested using an alkaline dry-ashing procedure specific 
for I determination (Joepke et al., 1996). This procedure involved an initial predigestion 
where 0.5 g ground tissue was treated with 0.5 mL 4 M KOH and 0.5 mL 20% ZnSO4. 
This mixture was dried for 24 h at 105 °C. The partially digested material was then 
transferred to a muffle furnace, pre-ashed at 300 °C for 2 hand ashed at 600 °C for 2.5 h. 
The ashing procedure was repeated three times. The entire digestion was conducted in 
20-mL glass scintillation vials, each containing a glass stir rod used to mix plant 
materials between ashings . Upon completion of the dry-ash procedure, 6 mL of distilled-
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deionized water was added to each vial and the vials were shaken for 30 minutes. 
The plant material was allowed to settle from solution and then the solution was analyzed 
colorimetrically for I using a Lachat autoanalyzer (Lachat Instruments, Milwaukee , WI, 
USA) . The colorimetric technique indirectly measured total I present as soluble r , where 
r acts as a catalyst in the electrochemical reduction of eerie ions by arsenite ions in an 
acidic medium . Our working standard range was 0.0 to 10.0 ng I/mL, where I was 
present as r . 
To check precision, we randomLy selected plant tissue samples to be run in 
duplicate. If I contents differed by > 10%, that analysis was repeated. For every batch 
run we also would spike known quantities of KI and KIO3 into plant tissue samples with 
known I content to determine I recoveries . If we could not account for> 90% I, the 
analysis was repeated. Accuracy was determined by analyzing duplicate plant tissue 
samples with a known I content for each batch run. Again, if these deviated from the 
known values by > 10%, the analysis was repeated. 
Statistical Methods 
A randomized block design was used in this study with greenhouse bench position 
blocked from east to west to account for air, temperature , and lighting gradients. Three 
tubs (replicates) represented each treatment. The study was a 2 x 3 factorial , having two 
iodine species and three I concentrations, plus a control treatment (no iodine). Analysis 
of variance (ANOV A) was performed on the data (Mini tab 9 .1, Mini tab Inc. State 
College, PA). Planned comparisons were used to compare the control (no iodine) with 
other treatments and then to examine the variability among iodine treatments separately 
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by partitioning them into a balanced factorial. ANOV A was performed on square 
root transformed water and tissue I concentration data to obtain more accurate estimates 
of error. The ANOV A results of transformed data were similar to results from data that 
were not transformed. Thus, only the nontransformed data were presented . No 
transformation was necessary for other data. Certain data were analyzed according to a 
randomized block design with repeated measures, in which water uptake or height was 
the repeated measure (Appendix C). Means comparisons of significant differences were 
performed using the least significant difference (LSD) test. 
RES UL TS AND DISCUSSION 
Overall , there were no treatment effects on biomass parameters at the 46 DAP 
harvest occurred (Fig. 6-1 ). The 103 • treatments had no effect on root biomass, whereas 
the 100 µMr treatment had less root biomass at both the 77 and 113 DAP harvest. By 
113 DAP, 10 µMr had less root biomass as well (Fig. 6-la) . Also , the 100 µM 103-
treatment had less stem biomass than the other 103- treatments by 113 DAP, while the 
100 µM r treatment had the least amount of stem biomass (Fig. 6-1 b ). As with the roots , 
leaf biomass was less with the 10 µM r treatment, while the 100 µM r treatment had the 
least leaf biomass (Fig. 6-1 c ). Panicle (rice heads after seed removal) biomass from the 
100 µM 103-, l0µM r, and 100 µMr treatments was lower than any of the other 
treatments (Fig. 6-2a). Panicle biomass was again lowest with the 100 µM r treatment 
(Fig. 6-2a). Plants treated with 100 µM r were so stressed that seeds never developed 
(Fig. 6-2b ). The only statistical difference among seed yield was between the control 
treatment and the 100 µM I- treatment. 
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Plants treated with 10 and 100 µM r were relatively shorter at 48 DAP (Fig. 
6-3). However, by 77 DAP no difference in heights of plants grown at 10 µMr and the 
other treatments were found. Only the 100 µM r treatment remained significantly 
shorter. Plants began to droop from the weight of seed fill and aging leaves, which was 
reflected in declining canopy heights after 54 DAP (Fig. 6-3). 
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Fig. 6-1. Iodine form and concentration effects on (a) root, (b) stem, and (c) leaf 
biomass from harvests at 46, 77, and 113 days after planting (DAP). Treatments 
consisted ofno iodine (control) (0), 1 µM 103- (D), 10 µM 103-(0), 100 µM 103-
(.6.), 1 µMr<•), 10 µMr (e), and 100 µMr(~). A single least significant 
difference (LSDo.os) was calculated to compare iodine treatments at a fixed date. 
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Fig. 6-2. Iodine form and concentration effects on (a) panicle and (b) seed biomass 
at 113 days after planting (DAP). No seed was produced with the 100 µMr 
treatment. Least significant difference (LSDo.os) was used to compare I levels. 
Cumulative water uptake (refill solution addition) represented the amount of 
nutrient solution lost through transpiration and was an indirect measure of plant growth . 
We measured a relative increase in plant water requirement for the 1.0 µM 103- treatment 
beginning 70 DAP over that of the other treatments and a small decrease for the 100 µM 
103- treatment , relative to the control (Fig. 6-4). Because the hydroponic tubs were 
sealed and measurements taken daily, this parameter was a good representation of overall 
plant growth and may be a somewhat more sensitive and timely measurement of plant 
response to stress than height and sequential harvests. In addition, the water uptake 
measurements were nondestructive. 
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Fig. 6-3. Iodine form and concentration effects on canopy height with days after 
planting (DAP). Treatments consisted of no iodine ( control) ( <> ), 1 µM 10 3- (0), 
10 µM 103- (0), 100 µM 103- (6), 1 µMr(•), 10 µMr (e), and 100 µMr (A). 
A single least significant difference (LSDo.os) was calculated to compare iodine 
treatments at a fixed date. 
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Fig. 6-4. Iodine form and concentration effect on cumulative daily water uptake 
with days after planting (DAP). Treatments consisted of no iodine ( control) ( <> ), 
1 µM 103- (0), 10 µM 103- (0), 100 µM 10 3- (6), 1 µMr(•), 10 µMr (e), and 
100 µMr (A). A single least significant difference (LSDo.os) was calculated to 
compare iodine treatments at a fixed date. 
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In general, the aforementioned parameters showed r at 10 and 100 µM led to 
the greatest reduction in biomass, height, and water uptake, although the 100 µM 1O3-
treatment had some minor effects. Thus, r appeared to be more toxic to rice than 103-at 
similar concentrations. The most abundant form of l in arid, high pH soils is 103-. 
However, this form may electrochemically reduce tor under certain environmental 
conditions (i.e., ponding) . Rice field reclamation practices require flooding of 
moderately iodinated soils, which has increased the occurrence ofrice I toxicity, better 
known in Japan as Reclamation-Akagare disease (Tensho and Yeh, 1970). Iodine 
toxicity symptoms include generalized leaf chlorosis. We observed this with the 10 and 
100 µM r treatments. We surmise that under flooded conditions most of the soluble I is 
electrochemically reduced tor, which leads to l toxicity. 
A small portion of solution 10 3 • in our treatments may have been 
electrochemically reduced at anaerobic microsites within the rhizosphere (Marschner and 
Rornheld, 1996) or biologically reduced via a standard reductase (Bienfait and Lilttge, 
1988). However, the conversion oflO 3- tor would be quite low, as supported by the low 
l tissue concentrations in plants treated with 103• (Figs. 6-5 and 6-6). In addition, it is 
possible that some nutrient solution 10 3· was reduced to lz and then volatilized from 
solution; however , the calculated recovery rates for rand 103• at the conclusion of the 
study were similar (approximately 70% of added I accounted for in the nutrient solution+ 
biomass). 
Water uptake with the 1.0 µM 10 3· treatment was significantly greater beginning 
70 DAP (Fig. 6-4). This may have been related to the somewhat greater leaf biomass 
associated with this treatment at the 77 and 113 DAP harvests (Fig. 6-1). Water use by 
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Fig. 6-5. Iodine form and concentration effects on (a) root, (b) stem, and (c) leaf 
iodine concentration from harvests at 46, 77, and 113 days after planting (DAP). 
Treatments consisted of no iodine ( control) ( <> ),1 µM 10 3- (D), 10 µM 10 3- (0), 
100 µM 103- (~), 1 µMr(•), 10 µMr (e), and 100 µMr(.._), A single least 
significant difference (LSD0.05) was calculated to compare iodine treatments at a 
fixed date. 
the other treatments coincided with the harvest results as well (Figs. 6-1 and 6-4) . Borst 
Pauwels ( 1961) found barley and rye grass growth was stimulated when I- or I 0 3 - was 
supplied at very low doses ( < 10 µM) to a sand medium. However, species sensitivity 
varied greatly. Interestingly, rye grass plants in these studies went through several cuts in 
which old leaves were being removed while new leaves were produced and I was only 
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Fig. 6-6. Iodine form and concentration effects on (a) panicle and (b) seed iodine 
concentration at 113 days after planting (DAP). No panicle or seed tissue was 
analyzed from the 100 µM r treatment. Least significant difference (LSDo.os) was 
used to compare I levels. 
added at the beginning of these studies. A ryegrass study by Whitehead (1973) had 
plants growing with a more continual supply of I and they harvested the entire plant after 
3 weeks of treatment. In this case, Whitehead did not measure any stimulation in growth 
with r or 10 3- at 0.02 - 1 µMI. 
The transpiration stream concentration factor (TSCF = concentration of ion in 
transpiration stream..,.. concentration in solution) was calculated for our study. A TSCF = 
1 would suggest that iodine moved from the external solution to the shoot at the same rate 
as water. Transpiration stream concentration was calculated from shoot content and 
transpiration water loss. Iodine treatment concentrations were used for the concentration 
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in solution values as conservative estimates since nutrient solution iodine 
concentrations did not decline over time. There were significant TSCF differences 
between iodine forms and among levels within each I form, where 103- uptake was more 
restricted than r uptake and I uptake was increasingly restricted with increasing r 
concentrations (Table 6-2) . Amiro and Ewing (1992) also determined I uptake was 
restricted in bean plants. However, Whitehead (1973) measured I uptake to be 2 - 7 times 
greater than the calculated passive uptake values for perennial ryegrass grown at 0.02 - 1 
µMr , suggesting active uptake. Relative uptake declined as I concentrations increased . 
Additive errors can occur when calculating uptake based on transpiration , i.e., tissue I 
content and the amount of water transpired. In our study , the I recovery rates ( amount in 
total plant biomass vs. amount added to nutrient solutions) were 60 - 75%, regardless ofl 
form or concentration. Thus , our I analysis may have underestimated I concentrations in 
the biomass. The techniques used in the Whitehead (1973) study included nutrient 
solution replacement and transpiration loss calculations based on weight changes in 
nutrient vessels . These procedures may have overestimated iodine translocation via the 
transpiration stream. More stringent experimental protocols are required to accurately 
determine iodine translocation within plants . 
Iodine content in root tissue was greater for r than 103- treatments (Fig . 6-5a) . By 
113 DAP, the 100 µM 103- treatment resulted in more root I than the lower 103- levels 
and values were similar to the 10 µM r treatment (Fig. 6-5a). Only the 100 µM r 
treatment had significantly high I levels in the stems (Fig. 6-5b ). A similar trend was 
found with leaf I content, where there were no differences among all but the 100 µM r 
treatment, which had leafl levels similar to root levels (Fig. 6-5). Iodine partitioning to 
Table 6-2. Iodine effect on the transpiration stream concentration factor 
(TSCF). 
Iodine species 
r 
1O3-
Significant at t = 0.01 
Iodine Concentration (µM) 
1 
10 
100 
LSD (0.05) 
TSCF 
0.141 
0.042 
0.141 
0.092 
0.041 
0.048 
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panicles and seed was much more restricted , regardless of l form. There was more l in 
panicles from the 100 µM 10 3- treatment than from the other treatments (Fig 6-6a). 
Panicles from the 100 µM r may have had more l but there was not enough tissue to test. 
Panicle lat the highest 10 3- treatment was over 100 mg kg-1 (Fig . 6-6b). No seeds were 
produced with the 100 µM r treatment. 
Potassium iodide at high concentrations has been used as a foliar desiccant. 
When applied directly to foliage, leaf desiccation and abscission occurred (Berrett et al., 
1962). Based on leaf and soil application studies, Berrett et al. ( 1962) concluded that l 
was transported upward through the xylem but did not translocate out of-treated leaves 
or move through the phloem. This could explain the relatively low seed l values found in 
our study . 
The 103- treatments had much less effect on plant growth and tissue I content than 
r treatments (Figs. 6-1 and 6-5) . The heavier molecular weight and higher valency of 
103-may reduce its uptake by plants (Umaly and Poel, 1971). Since root ion uptake is 
determined primarily by transport across membranes, ion diameter and valency play 
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major roles in membrane transport rates (Marschner, 1995). Boszormenyi and Cseh 
(1960) determined that excised wheat roots exposed to 103 · would absorb I only as r. 
The I tissue content from our study support their findings, where I levels were much 
greater in r-treated plants than 1O3--treated plants (Fig. 5 and 6). In addition, Borst 
Pauwels ( 1961) and Whitehead ( 1973) measured similar differences in tissue I 
concentrations of plants grown with 103• vs. r. 
Using the biomass and tissue I content data (Figs. 6-1, 6-2, 6-5, and 6-6), a 
partitioning budget was created to determine how total plant I was partitioned among the 
various tissues (Fig. 6-7). In contrast to the r treatments, 1O3--treated roots accounted for 
a larger fraction of the total plant I (Fig . 6-7). Relative to the other plant tissues, the 
proportion ofl allocated to chaff and seed was quite low, regardless ofl form. Supplying 
103- at 100 µM resulted in the greatest total I accumulation in the plant. The 100 µMr 
treatment had lower total I accumulation because overall plant growth was greatly 
restricted (Figs. 6-1 and 6-2). 
One of the goals of our study was to determine if rice exposed to I would 
accumulate enough I in grain to meet human dietary needs. Supplying dietary I with rice 
may not be feasible, based on the seed I content found in this study (Fig. 6-6). Grains 
derive much of their nutrition from the phloem. Because I does not appear to be phloem 
mobile, it is not surprising that grain content was relatively low. In fact, seed I values 
obtained in this study may have been much lower than our reported values because the I 
analysis was performed on unhulled seed. Radio- {1291) applied to rice grown in soil 
resulted in 96% of the total seed radiolabel distributed in the hull (Muramatsu et al., 
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Fig. 6-7. Iodine partitioning within rice plants treated with (a) 10 3· or (b) rat 113 
days after planting (DAP). Each column represents the mean of three plants. 
The column height represents the total iodine found in a single plant mg planf 1). 
1989). In addition , with increased polishing, the seed 1291 decreased , i.e., a 10% polished 
(white) rice contained only 30% of the radiolabel found in the unpolished (brown) rice . 
Research is focusing on improving the micronutrient content of grain . Graham et 
al. ( 1997) have suggested that transport genes for I could be selected to improve 
remobilization of I from vegetative tissue to grain, thus enhancing grain I levels. 
However , the problems ofl leaching from soils and the exclusion ofI0 3. uptake by plants 
would have to be addressed even if more efficient I transport cultivars were developed . 
The US recommended daily requirement (RDA) for I is 150 µg for adults. Based 
on the highest unhulled seed I content data from normally developed plants ( 100 µM I 03 · 
treatment), an individual would need to ingest approximately 19 g dry mass of rice seed 
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each day to meet the RDA. However, Muramatsu et al. (1989) found the hulled rice 
contained only 4% of the I found in unhulled seed, which would equate to approximately 
470 g of hulled (brown) rice per day to meet the RDA. The I irrigation study conducted 
in the Xinjiang Province resulted in< 1 mg kg· 1 I in wheat grain, which would equate to a 
necessary consumption of over 1500 g wheat per day to meet the RDA (Cao et al., 1994 ). 
Normally, one would not consume such large quantities of grain. Therefore, how are the 
people of Xinjiang Province receiving their I? We propose that the RDA is being met 
indirectly through the ingestion of animal products. The non-seed plant parts, 
particularly straw , contained the majority of I (Fig. 6-7) . Bioaccumulation of I would 
result if farm animals were ingesting straw residues · and the local populace subsequently 
ingested the milk and meat produced by these animals. Thus, it is possible that the 
population has been indirectly receiving adequate levels of I. A more thorough 
understanding of the local population's diet would help establish movement ofl through 
the food chain. 
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CHAPTER 7 
IODINE TOXICITY EFFECTS IN RICE AND 
ROOT-ASSOCIATED BACTERIA 
ABSTRACT 
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Aqueous iodine (h(aq)) is a potent disinfectant that is being evaluated as a soil 
sanitizer for agricultural fields and a water purification treatment for the International 
Space Station. Rice plants were grown in solution culture containing different I 
compounds at 0, 20, or 30 µM total I [I2(aq) + iodide (r)] consisting of 0, 7, and 19 µM 
h(aq), respectively. In addition, humic acid (HA) was added to half the treatments. Humic 
acid reduced h(aq) to r within 48 h. Plants receiving the highest proportion of h(aq), 
particularly those without HA had the least growth and the greatest shoot I 
concentrations. Roots from h(aq) treatments without HA were periodically sampled for 
bacteria. Viable and direct cell densities declined with increasing h(aq) concentrations 
within the first hour. However, densities recovered within 96 hand eventually surpassed 
the control (no I) densities. The decrease in bacterial community diversity was similar 
for the two I2(aq) treatments. However, bacterial diversity did not recover as readily with 
the higher I2(aq) treatment. Selected isolates from each treatment were phylogenetically 
characterized based on analysis of 16S rDNA gene sequences. Proteobacteria from the 
alpha, beta and gamma subdivisions appeared to dominate the communities soon after 
h(aq) was added to the system. An isolate from the potentially pathogenic Xanthomonas 
genera was the most prevalent isolate cultured from the highest h(aq) treatment, 
suggesting that some potentially phytopathogenic bacteria may have survived iodination . 
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INTRODUCTION 
Aqueous iodine (h(aq)) is a strong oxidant and therefore damaging to biological 
systems. Since his nonpolar, it can pass through the bilipid layers of membranes and 
form N-iododerivatives from amino acids , oxidize the S-H group in cysteine, react with 
phenolic OH groups, and interfere with unsaturated fatty acid C=C double bonds 
(Gottardi , 1991). 
Iodine primarily exists in soils as 10 3-, r, or organically bound I (Sheppard et al., 
1995; Yamada et al., 1999). Unless soils are highly oxidized , most of the inorganic I 
exists as r. Aqueous his rarely found in nature due to its high vapor pressure and 
participation in soil redox reactions . For example, equilibrium shifts towards the 
nonbactericidal r species as solution pH increases (Fuge and Johnson, 1986). However , 
by providing acidic conditions and incorporating additional r, bactericidal h(aq) levels can 
be maintained for longer periods (Gottardi, 1991). Aqueous 12 solutions (h + r) have 
traditionally been used as bactericidal agents in water and surface sanitation (Hicks et al., 
1991; McCarthy and Miller, 1994; Overdahl and Zottola, 1991). However, nontargeted 
organics may reduce much of the h(aq) tor, rendering less h(aq) available for disinfection 
purposes . Formulations consisting of carriers or complexing agents that shield and buffer 
h(aq) from volatilization and electrochemical reduction to r have been developed. Called 
iodophors, they are typically comprised of a complex of h(aq), h-, or, in the case of 
povidone , Hl3 linked to a high molecular weight polymer, such as a nonionic surfactant 
(Gottardi, 1991). Nonionic surfactants form micelles that link with h(aq), but as the 
surfactant becomes diluted, the micelles disperse, allowing free h(aq) to react with the 
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target organisms (Trueman, 1971 ). Some iodophors are being tested as potential 
methyl bromide alternatives (Kokalis-Burelle and Fuentes-Borquez, 2000; Norton, 2001). 
Additionally, NASA has tested and used I-based water purification technologies. Solid 
quaternary ammonium ion exchange resins loaded with poly iodides act as point-of use 
water purification on the U.S. space shuttle and are planned for future deployment on the 
International Space Station (Colombo et al., 1978; Parker et al., 1999). 
Although I is a human essential nutrient involved in maintaining thyroid function, 
plants do not require I and they can be adversely affected by low (micromolar) 
concentrations. The degree of phytotoxicity is dependent on I species exists in the soil 
solution. Typically, r is more phytotoxic than 103- (Chapter 6), which may be due to the 
greater ability of plant roots to absorb the reduced form (Boszormenyi and Cseh, 1960). 
Once in the plant, r may oxidize to h, which iodinates photosystem II components 
(Takahashi and Satoh, 1989). 
Over the past 20 years, our understanding of the relationship between root-
associated microorganisms and plants has greatly increased, leading to a better 
appreciation of the role rhizosphere microbial communities play in plant health and 
survival. Perhaps chemical stresses, such as those from bactericides, would shift 
bacterial populations towards less beneficial microorganisms or perhaps weaken a plant's 
defenses from naturally occurring pathogens. Specifically, it has been shown that chronic 
exposure of Pseudomonas spp. to I caused increased resistance in the target organism 
(Pyle and McFeters, 1990). This may lead to higher dosing requirements over time in 
order to achieve the same level of effectiveness. 
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We studied the effect of two l2(aq) solution treatments and oner solution 
treatment to 1) determine growth effects on hydroponic rice; 2) determine if humic acid 
(HA) hastened h(aq) degradation in the hydroponic solution; and 3) characterize the 
response of root-associated bacteria to l2(aq) over time. 
MATERIALS AND METHODS 
Plant Culture 
Rice (Oryza sativa L.) 'USU-S uper dwarf was germinated in a 40 mm layer of 
moist inert medium (Isolite, Sumitomo Corp., Denver, CO). A week after emergence the 
seedlings were transplanted (0 days after transplanting (DAT)] to polyethylene tubs (10 
plants per tub) containing 50 L of nutrient starter solution (Table 7-1 ). The nutrient 
solution level was checked daily with a portable glass manometer bearing a mark 
showing the liquid level setting. A refill solution (Table 7-1) was added whenever the 
tub solution level dropped below the mark on the manometer. Nutrient solution in each 
tub was vigorously mixed and aerated via polyvinyl chloride manifolds fed from an in-
house air supply. Nutrient solution pH (4.9 ± 0.3), electrical conductivity (0.50 ± 0.01 dS 
m·
1 beginning and 0.66 ± 0.06 dS m· 1 end), and air temperature (31 ± 5 °C day /22 ± 5 °C 
night) were measured within the greenhouse unit each day. Greenhouse lighting was 
supplemented with four 400-watt high-pressure sodium lamps, which provided an 
average daily irradiance of 20 mol m·2 d-1. The I concentrates were added at 21 DAT as 
the following treatments, no iodine (01), r as KI (Oh), an iodine solution of Ii + r (Ll2), 
and an iodophor solution containing a nontoxic, nonionic surfactant (17.6 mg L"1) and 
phosphoric acid to maintain acidic conditions (Hli). Total I and li(aq) treatment 
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concentrations are given (Table 7-2). Nonionic surfactants tested in recirculating 
hydroponic systems at 20 mg L·1 were found to be nontoxic to plants (Stanghellini et al. , 
1996). The nutrient solution pH in the Hlz treatments had decreased to 3.8 for 24 h after 
the I addition, when the pH was returned to 4.5 with 0.5 M KOH. A HA treatment was 
factored into the study with 30 µM of chelate N-(2-
hydroxyethyl)ethylenedinitrilotriacetic acid (HEDT A) substituted with 0.5 mM (C) HA. 
The experimental design was a 2 x 4 factorial, providing eight treatments and three 
replicates (50-L tubs) per treatment. 
Table 7-1. Nutrient solution compositions. The starter solutions were used to fill 
the system and the refill solution was used to replace transpired water. The 
starting iodine concentrations are listed in Table 7-2. 
Nonhumic acid Humic acid 
Salt starter starter Refill t 
mM 
KN0 3 1.0 1.0 2.0 
Ca(N03)2 1.0 1.0 1.0 
NH4Cl 0.0 0.0 1.0 
KH2P04 0.5 0.5 0.5 
MgS04 0.5 0.5 0.5 
K2Si03 0.1 0.1 0.0 
H3P04t 0.2 0.2 0.0 
Humic acid 0.0 0.5 0.0 
µM 
Fe-HEDTA 50.0 20.0 0.0 
FeCh 0.0 30 .0 7.5 
ZnS04 4.0 4.0 1.0 
MnClz 3.0 3.0 3.0 
H3803 2.0 2.0 1.0 
CuClz 1.0 1.0 1.0 
Na2Mo04 0.1 0.1 0.03 
t Used in all treatments to replace water and nutrient losses. 
t Only found in the Hlz treatment as a component of the iodophor. Additionally, the 
iodophore contained 17.6 mg L.1 of a nontoxic nonionic surfactant. 
Table 7-2. Nutrient solution iodine treatments. 
Treatmentt HA 
or no 
01 yes 
Oh no 
Oh yes 
Lh no 
Ll2 yes 
HI2 no 
HI2 yes 
Total I 
33.9 
33.1 
18.7 
18.4 
29.0 
30.7 
Initial h 
µM 
0.0 
0.0 
6.5 
6.4 
18.9 
20.0 
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hat 1 hour l2 loss at 1 hour 
(%) 
0.0 
0.0 
2.1 68 
0.0 100 
12.8 32 
8.0 60 
F values from ANOV A 
Source of variation 
I treatment 
Complexing agent 
Treatment x complexing agent 
* * * significant at probability level P < 0.001 . 
t OJ = no iodine, Oh = no h , LI2 = low h, HI2 = high h. 
t Not applicable 
449*** 
58*** 
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Plant and Nutrient Solution Sampling 
Total I and r were determined in nutrient solution samples (10 mL) at 1, 48, 96 , 
170, and 336 h following I addition. The samples were mixed with 10 mL of total ionic 
strength adjustment buffer (TISB) and then measured for r using an Orion combination 
ion selective electrode (Orion Research, Inc., Cambridge , MA). Subsequently, 0.5 mL of 
10% ascorbic acid was added to each standard and sample to reduce all I species to r and 
the solutions measured for r with the ion selective electrode, whereby h(aq) was 
calculated as h(aq) = total I - r. 
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One plant per tub was harvested at 21 DAT and three plants per tub were 
harvested at 28 DAT, with the exception of the Lh and Hh treatments without HA. For 
these treatments, single plants were harvested 24 h prior to I additions as well as 1, 24, 
48, 96, 144, and 312 h after iodine addition in order to sample for root-associated 
bacteria. The 01 treatment had bacterial sampling at 144 and 312 h. At 3 5 DAT all 
remaining plants were harvested. Prior to oven drying, roots were rinsed for 10 s with 
deionized (DI) water. All tissue was oven-dried (80 °C for 3 d) prior to weighing. Shoot 
and root tissue samples were ground (2-mm sieve) prior to I analysis using an alkali 
fusion-ion selective electrode technique adapted from Joepke et al. (1996). Briefly , 
ground samples (500 mg) were fusion digested with 3.0 mL DI water, 0.5 mL 4 M KOH 
and 0.5 mL 20% ZnSO4 in 20-mL glass scintillation vials for at least 12 hat 105 °C, 
followed with fusion ashing in a muffle oven at 500 °C for 2 h. After cooling , the 
samples were dissolved with 6 mL DI water. A 0.5 mL of 5 M NaN 0 3, was added to 
each vial as an ionic strength adjuster and suspensions analyzed for r with an ion 
selective electrode. 
Leaf chlorophyll was measured at 35 DAT using a nondestructive dual-
wavelength chlorophyll meter (model SPAD-502, Minolta Corp, Ramsey NJ). The third 
fully expanded leaf was sampled and five measurements were taken per replicate. 
Readings representing wavelength absorbance at 676 nm were converted to chlorophyll 
concentrations using an equation provided by Monje and Bugbee (1992), where 
chlorophyll (mg m-2) = 1.034 + 3.08 x (reading)+ 0.110 x (reading)2. 
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Rhizosphere Sampling 
As stated previously, a single plant from each replicate was harvested from the 
Lh and HI2 treatments (no HA) 24 h prior to I additions, as well as 1, 24, 48, 96, 144, and 
312 h after iodine addition for analysis of root-associated bacteria. Root-associated 
bacterial cell densities were estimated by placing approximately 1 g fresh root tissue into 
a 50-mL centrifuge tube containing 5-mL glass beads and 25 mL sterile Na 4P20 7. The 
tubes were shaken for 2 min, then the roots removed and oven dried for 2 d at 80 °C. A 
0.1-mL sample from each tube was then serially diluted from 10-4 to 10-7 of the original 
concentration. A 0.1-mL aliquot from each serial dilution was plated onto each of two 
petri plates containing R2A agar (Standard Methods , 1998). The number of colony-
forming units (CFU) on each plate was recorded following 48 h, 72 h, and 1 week of 
incubation at 25 °C, and numbers expressed on a root dry mass basis (CFU i 1) . Only 
one incubation period was required to test treatment effects, whereby we used the 72-h 
incubation period. 
Total bacterial cell numbers from the serial dilutions were determined using the 
acridine-orange (AO) method with epifluorescence microscopy (Hobbie et al., 1977). 
Briefly, 5 mL of serial dilution was added to 1 mL of formalin fixative. The samples 
were shaken and stored at 4 °C until it was time to stain . Dilutions of 0.1 - 0.01 mL 
sample, 1 mL filter sterilized H20, and 0.1 mL of AO solution (0.1 % AO in 2% formalin) 
were combined and filtered through a 0.22-µm black polycarbonate membrane filter 
(Poretics Corp., Livermore, CA). This was followed by a rinse with 3 mL of filter-
sterilized DI water and the filters were left to dry in the dark. Once dry, enumeration was 
done with an epifluorescent microscope under oil immersion. 
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Species diversity from three replicated culture plates were compared across all 
treatments. On each plate, 25 colonies were randomly chosen and colony morphology 
was described based on size, pigmentation , form, elevation, and surface. Diversity was 
i 
expressed as the Shannon-Wiener index (H' ) as follows: H' = Lpilnpi , where i 
I 
indicates each category and pi is the proportion of individuals of each category (Shannon 
and Weaver, 1949). 
Two dominant colonies from the LI2 and HI2 (no HA) treatments and one colony 
from the OI treatment were isolated on R2A agar. The LI2 and Hh samples were taken 
from 48 h post I addition culture plates and the OI sample was taken from the 114 h post I 
addition culture plate . Genomic DNA was extracted from 10 mLs of liquid culture of 
each organism using the FastDNA™ kit (BIO 101, Vista , CA) . The intergenic spacer 
region (ISR) between the 16S and 23 S rRNA genes was amplified from each isolate 
using the PCR bead (Pharmacia , Peapack, NJ) with added primers (15 pmol each), water 
(to a total of25 µl) , and template DNA (1 µg) . The PCR primers were 1055f(5' ATG 
OCT OTC OTC AOC T 3') and 23Sr (5' GOG TTB CCC CAT TCR G 3'). Aliquots of 
20 µl of the PCR products were electrophoresed in 2% agarose gels in TBE IX . PCR 
products were cloned into the pCR®2.1-topo vector (TA Cloning kit, Invitrogen, 
Carlsbad, CA) . Plasmid DNA from the selected clones was isolated, and phylogenetic 
information obtained by sequencing 500 bp of the 16S (using the 1492r primer sequence) 
was used for clone characterizations. These sequences were then evaluated against 16S 
sequences in the GenBank sequence database maintained by the National Center for 
Biotechnology Information to determine the nearest phylogenetic neighbor sequence. 
141 
Statistical Analysis 
A completely randomized 2 x 4 factorial design with two complexing agent 
treatments, four I treatments, and three replicates was adopted. Data were analyzed using 
analysis of variance (ANOV A) procedure and the level of significance was calculated 
from the F values of ANAOVA (SAS 2000, Cary, NC) (Appendix C). Root-associated 
bacteria data are presented graphically with standard error bars presented for each data 
point. 
RESULTS AND DISCUSSION 
Plant Growth and Composition 
Although total solution l concentration was greatest with the 012 treatments , the 
treatments containing the most h(aq) (Hh treatments) resulted in the lowest relative 
growth rates (RGR) (Fig. 7-1 ). Bioavailable I predominantly exists in nature as either the 
oxidized 103-or the reduced r species (Fuge and Johnson, 1986), and a past study has 
shown that r was more toxic to rice plants than 10 3- (Chapter 6). In comparison, h(aq) 
was found to be much more toxic than r, where it was suspected of iodinating various 
proteins inside the plant and led to a drop in chlorophyll a (Mynett and Wain, 1973). 
Chlorophyll levels in the third fully expanded leaf tissue correlated with RGR results 
(Fig. 7-2). Leaf chlorosis was not observed with the first fully expanded leaf, suggesting 
that I accumulated in older leaves (Whitehead, 1973) and transport was likely 
transpiration driven (Chapter 6). 
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Fig. 7-1. The effect of iodine and humic acid on the relative growth rates (RGR) 
between day 21 (prior to I addition) and 35 (final harvest). Each bar is the 
average of three replicate samples. SEM = standard error of the mean. 
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Shoot I concentration also correlated well with RGR (Fig . 7-3), where higher 
shoot I resulted in lower RGR. Root I was nearly three times greater in the Hh treatment 
(Fig. 7-4) , and levels were twice as great as those found in roots treated with 100 µMr 
(Chapter 6) . The HI2 treatment contained a nonionic surfactant , which may have lowered 
the root surfac e tension , allowing more h to enter the roots . However , the shoot I levels 
were not exceptionally high with this treatment, so perhaps the surfactant kept more I 
bound to the root surface. Although the roots were put through a 10-s rinse at harvest, it 
may not have removed the surfactant bound I. This suggests that the iodophor kept the 
active ingredient in close contact with the root surface. Incorporating HA into the 
solutions resulted in better growth, with the exception of the Hh treatment (Fig. 7-1 ). In 
general, HA reduced the amount of total I entering the plant, as represented by tissue 
I concentrations (Fig. 7-3 and 7-4). 
Nutrient Solution I 
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Iodine was added at 21 DAT and solution total I levels remained stable over time 
with treatment coefficients of variation within 10%. Aqueous lz was determined by 
subtracting r from total I values. One hour after the I additions solutions were sampled 
for total I and r. Total solution I was not affected by the addition of humic acid (HA), 
where initial values averaged 33.5 µM (4.3 ppm) , 18.6 µM (2.4 ppm) , and 29.9 µM (3.8 
ppm) for the Olz, Liz, and Hh treatments , respectively (Table 7-2). This range is typical 
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Fig. 7-2. The effect of iodine and humic acid on the chlorophyll concentration of the 
third fully expanded leaf, based on the Monje and Bugbee equation (1992). Each 
bar is the average of three replicate samples. SEM = standard error of the mean. 
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Fig. 7-3. The effect of iodine and humic acid on shoot (leaves+ stems) tissue total I 
concentration. Each bar is the average of three replicate samples. SEM = 
standard error of the mean. 
of what one would expect to find in the effluent of iodinated resin treated water for 
NASA 's manned spacecraft (Atwater et al., 1996). 
Based on the analysis of I concentrates used to supply I to the experimental 
treatments , the Lh treatments received 35% of their total I ash and the Hh treatments 
received 65% of their total I ash (Table 7-2). After 1 h, h(aq) loss from the Lh and Hh 
solutions was appreciable and HA hastened that loss (Table 7-2). By the next sampling 
(48 hours) , h was not detected in any of the treatments. The degradation ofl 2 by 
rhizosphere microbes, plant exudates, and HA aided in the electrochemical reduction of 
h(aq) tor. In treatments containing HA, h(aq) iodinates HA phenolic groups (Warner et 
al., 2000), enhancing the reduction ofl 2 to r (Summers et al., 1989). The l2(aq) percent 
loss was greater in the Lh treatments than in the Hh treatments (Table 7-2) . This was 
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Fig. 7-4. The effect of iodine and humic acid on root (rinsed with DI water for 10 s) 
total I concentration. Each bar is the average of three replicate samples. SEM = 
standard error of the mean. 
likely attributed to the Hh treatment having a lower solution pH during the first day, 
which would buffer h(aq) electrochemical reduction reactions and volatilization losses. 
Characterization of Root-associated Bacterial Populations 
The Lh and Hb treatments were compared relative to their bactericidal effects on 
root-associated microorganisms . Samples from the control (OI) were included at 144 and 
312 h after I additions for comparison. Bacterial cell density was calculated as viable 
(Fig. 7-5) or total bacterial cells (Fig. 7-6) and values were comparable between the Lh 
and HI2 treatments prior to I addition . However, within an hour after I addition the 
densities decreased. Viable bacteria values dropped two orders of magnitude in the Lh 
treatment and nearly four orders of magnitude in the Hh treatment (Fig. 7-5). Total 
bacterial cell densities declined by approximately five-fold in both I2(aq) treatments (Fig. 
7-6). Since bactericidal activity occurs only with the h(aq) species, we expected to see 
a greater effect on total cell numbers with the Hlz treatment. Much of the solution lz 
degraded within a day (Table 7-2). Subsequently, bacterial cell densities began to 
recover after the initial lz contact period , and 96 h later densities were similar to or 
greater than densities found in the 01 treatment (Figs. 7-5 and 7-6). 
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Fig. 7-5. The effect ofl 2(aq) on root-associated bacterial density, based on colony 
forming units (CFU) per gram root dry mass. Each point is the average of three 
replicate samples. Vertical bars= standard error. Absent bars are due to 
standard error values being smaller than the symbol font. 
Few reports regarding the effect ofl on bacterial community dynamics were 
found. In one study, viable cell density of PVC hose adherent Pseudomona aeruginosa at 
first decreased with increasing chronic iodophor treatment but then returned to densities 
similar to those on nontreated hoses within 7 d (Hicks et al., 1991 ). In a study using a 2-
min treatment with 8 µM 12, viable cell numbers of P. aeruginosa and P. cepacia 
increased within 3 d beyond levels found in the untreated control (Pyle and McFeters, 
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1990). Elevated bacterial populations have also been discovered in chlorinated water 
distribution systems over time (McFeters et al., 1986). Bacterial cell densities are 
partially driven by substrate loading rates (Griffiths et al., 1999), such as plant exudates. 
The LI2 and HI2 treatments resulted in significantly stressed plants, which may have 
resulted in damaged roots and the subsequent release of soluble carbon substrate. 
With succession, a bacteria community develops from predominantly 
opportunistic species that cover wide niche widths (i.e., highly culturable) to equilibrium 
species that cover narrow niche widths (less culturable) (Garland et al., 2001) . By 
comparing bacterial cell numbers grown on a nonselective agar such as R2A with total 
bacteria cells, i.e., direct epifluorescent microscopic counts, the resulting culturability 
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Fig. 7-6. The effect of l2(aq) on root-associated bacterial cell density, based on a 
direct count of cells per gram root dry mass (acridine orange stain-
epifluorescence microscopy). Each point is the average of three replicate 
samples. Vertical bars = standard error. Absent bars are due to standard error 
values being smaller than the symbol font. 
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ratio (viable/total) may provide information regarding environmental effects on the 
niches being filled and therefore, succession or equilibrium status (Garland et al., 2001 ). 
In our study I additions initially reduced culturability but within days the culturability 
greatly exceeded that of the control (OI) treatment (Fig. 7-7). This suggests that during 
the recovery phase opportunistic species dominated the microbial community and the 
communities were not stable. 
Species diversity decreased in the Lh and Hh treatments foilowing I additions, 
but only the Hh treatment maintained a somewhat lower diversity index value through 
the entire study (Fig . 7-8). The return of diversity following low h(aq) additions suggests 
that the variety of opportunistic colonies dominating the Lh treatment was large . Atlas et 
al. ( 1991) found that after a chronic chemical environmental disturbance, bacterial 
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Fig. 7-7. The effect of l 2(aq) on community culturability as determined by 
viable/total cell number ratio, which is equivalent to the percent culturable. Each 
point is the average of three replicate samples. Vertical bars= standard error. 
Absent bars are due to standard error values being smaller than the symbol font. 
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communities lost taxonomic and genetic diversity but those that survived were 
opportunistic species. More studies are required to determine if the root-associated 
bacterial responses observed in the hydroponic solutions will also occur in the field. 
Since many plant-microbe interactions are beneficial, a moderate or long-term shift in 
microbial community composition might interfere with those relationships making plants 
more susceptible to stress or disease . However , recent studies have reported promising 
results from combining iodophors with beneficial microorganisms as a preplant soil 
treatment (Garcia , 2000). 
We identified two dominant isolates from Lh and HI2 treatments without HA, and 
one from the 0I treatment. This extremely limited sampling is not considered a thorough 
or complete evaluation but the results were interesting. In all cases, the selected colonies 
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Fig. 7-8. The effect of l 2(aq) on the taxonomic diversity of root-associated bacteria, 
based on the Shannon diversity indices. Each point is the average of three 
replicate samples. Vertical bars = standard error. Absent bars are due to 
standard error values being smaller than the symbol font. 
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comprised the majority of described colonies found on the culture plate. All five of 
the isolates were identified as Proteobacteria, a group that is common in non-flooded rice 
rhizospheres (Ludemann et al., 2000) . The single isolate identified from the 01 treatment 
was a potentially beneficial rhizobacterium Ralstonia pickettii ( a high match of 95%) 
(Doumbou et al., 1998), and these organisms were also found to dominate hydroponic 
tomato and wheat rhizospheres (Berkelmann et al., 1994; Strayer, 1994). One of the Lb 
isolates was identified as a Zymomonas (a low match of 89%). Therefore, it might have 
been some other type of facultative anaerobe , perhaps living within root anaerobic 
microsites. The other LI2 isolate was identified as Ralstonia paucula (a moderate match 
of 93%), and one isolate from the Hh treatment was identified as Burkholderia sp. (96% 
match) . Strains from the two aforementioned genera are soil borne and were found to be 
resistant to metal-contaminated soils (Brim et al., 1999), suggesting an ability to survive 
in challenged environments. 
The second Hb isolate was identified as Xanthomonas gardneri (94% match) . 
Interestingly, most of the species from the Xanthomonas genera are plant pathogenic. 
Two cases of bacterial blight found in solanaceous crops have been tracked to X 
gardneri and in each case the bacterium showed minor virulence (Jones et al., 1998). 
Additionally, Xanthamonas species are commonly identified in the rhizosphere of 
asymptomatic plants (Berkelmann et al., 1994; Ballmann et al., 1997; Shiomi et al., 
1999), which suggests that X gardneri may not flourish under normal conditions due to 
competition with other microorganisms. By the end of the study we observed small 
brown lesions on the stems of plants from this treatment , but no diagnostic identification 
was performed. There is a report where Xanthomonas shows some resistance to 
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disinfectants (Thompson and Williams, 1986) and even subsequent community 
domination by Xanthomonas spp. after chemically challenging their environment 
(Fiorenza and Ward , 1997). Given the probable lower level of microbial diversity and 
competition in a newly constructed hydroponic system, domination by organisms like 
Xanthomona s gardneri may be more likely to occur than in a natural system . Only 
further testing of h( aq) solutions on plant rhizospheres in the field will verify this 
response . 
SUMMARY 
Iodine toxicity response in rice followed the order, h( aq) >> r > 10 3-, which also 
correlated with shoot I uptake . Adding HA to the solutions hastened hc aq) reduction tor , 
thus lessening the impact of h (aq) on plant growth. However, HA did not have a 
mitigating effect in the iodophor treatment. This suggests that either the higher h(aq) 
concentration or an indirect interference from the other iodophor factors such as low pH 
or the nonionic surfactant nullified any HA benefit. Inhibitory effects of hcaq) on the 
rhizobacterial community occurred within the first hour of treatment. After reaction with 
hcaq) , the bacterial communities recovered but there was a measurable shift in population , 
where bacterial cell densities exceeded those found during pre I conditions, and results 
suggest that the communities became dominated by opportunistic species. Of the 
colonies that dominated the post iodophor treatment, one was identified via 16S rDNA to 
be Xanthornonas gardneri . Although commonly found in soils, it is potentially 
pathogenic. Studies are needed to determine if similar rhizobacterial community shifts 
would occur from hcaq) applications to soil environments. 
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CHAPTERS 
SUMMARY AND CONCLUSIONS 
Declines in arable land and water, as well as greater food demand , have placed 
great pressure on plant production systems. Characterizing element bioavailability in the 
plant rhizosphere aids in the development of more productive and environmentally sound 
crop production systems. These data are no less important for the NASA Advanced Life 
Support (ALS) program , where a production field in miniature may be the primary source 
of food for Mars-based colonists. Without the buffering capacities inherent on Earth, this 
system will be less resilient and more susceptible to failures. Materials or procedures that 
add buffering to the system, i.e., the rhizosphere , will reduce failure risks and perhaps 
result in a more robust production system over time. 
EFFLUENT CHARACTERIZATION AND EFFECTS 
ON SOLTUION FE 
Organic complexing agents are required to keep Fe bioavailable in nutrient 
solutions . Without them, Fe can readily precipitate as Fe-oxides, which act as a sink for 
other nutrients such as phosphate. For example, seeded crystal growth studies found P to 
readily adsorb to ferrihydrite. Adding humic acid (HA) to the system temporarily 
delayed the sorption process by blocking active sorption sites. The HA simulated the 
soluble organics found in plant residue recycling products under consideration in the ALS 
program . The humic substances extracted from the residues were found to share 
similarities with fulvic and humic acids, where total acidity and carboxyl functional 
groups were 8.9 and 5.9 meq i 1, respectively. 
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Rice plants treated with either HA or the synthetic chelate HEDT A had much 
less root-associated Fe plaque than plants not receiving a complexing agent (NC 
treatment). The Fe plaque was apparently an Fe-oxide, ferrihydrite , which may have 
penetrated into the root apoplasm. Rice did not grow well in solutions lacking HEDTA , 
which has a greater Fe formation constant than HA. 
METAL COMPLEXING 
The synthet ic chelate HEDT A strongly chelates Cu and Zn, so these solutions 
require higher total Cu and Zn concentrations than solutions without chelates. From our 
studies it was concluded that soluble aqueous Fe determined Fe bioavailability , while the 
solution-free activity corresponded to Cu2+ and Zn2+ bioavailability . A chemical 
equilibrium model such as GEOCHEM-PC was a useful tool for determining species 
activities and thereby predicting bioavailability in nutrient solutions. Based on the 
modeling output, Cu- and Zn-free activities in HA and NC solutions were lowered, 
resulting in much better plant growth although Fe deficiency symptoms remained. It is 
interesting to note that adding Si at 0.1 mM to the nutrient solution had no effect on 
vegetative growth. Further work is needed to evaluate the benefits of including Si 
nutrition for an ALS cropping system. 
Unlike rice, wheat growth was comparable in solutions containing HEDT A or 
HA. Even solutions without complexing agents , i.e., the NC treatment, had relatively 
good plant growth. Wheat phytosiderophore release rates are greater than rice release 
rates, thereby wheat can complex more Fe than rice. Apparently the combined release of 
phytosiderophores + HA was sufficient to provide adequate Fe nutrition for wheat plants. 
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The rice versus wheat response provides some interesting possibilities for ALS. If the 
difference in grass species response to Fe deficiency is basically the degree of 
phytosiderophore production, then screening for grasses with high phytosiderophore 
production could protect the crop from Fe deficiencies. Alleviating the requirement for a 
strong chelating agent such as HEDT A would make organic waste recycling even more 
attractive and solutions would require much lower Cu and Zn concentrations than are 
currently used in chelated solutions. Only if a catastrophe happened, such as an 
inadvertent micronutrient dump, might a chelate be added to bind up the excess metals . 
If chelates remain the prime method for maintaining micronutrient bioavailability, then it 
is worth noting that over the course of these studies (> 70 d) there was very little HEDT A 
solution degradation. Degradation rates in hydroponics should be further investigated in 
order to avoid chelate excesses over time. 
FLUORINE AVAILABILITY 
Any recycling system that provides plant nutrients from human wastes will 
contain some elements that are not essential to plants. Plant effects from additions of 
human nutrients have not been extensively studied in terms of bioavailability , uptake , and 
partitioning in crop plants. This information is essential for designing ALS systems with 
regards to recycling and nutrient recovery strategies. Within the unique conditions of an 
ALS-type hydroponic system, i.e., no Al and moderately acidic conditions, F readily 
forms insoluble CaF2 on root surfaces but some F continues to be absorbed by rice plants . 
The addition of F to the hydroponic solution had an unexpected effect on HA-Ca 
dynamics. The HA had a tendency to flocculate and eventually form HA-Ca precipitates, 
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but by adding F to the solution more HA remained in solution over time. Fluoride 
competed with HA for Ca and thus, not enough Ca was present to cause HA flocculation. 
It appears that HF rather than F is the major mode of F uptake in moderately acidic (pH 
< 6) solutions . Unlike Ca, over half the plant F was water-soluble, suggesting it was not 
bound directly with cell wall Ca. Some of the F interfered with Ca pectates and 
phosphates, resulting in the formation of tetragonal Ca oxalate crystals that are not 
typically found in rice. With increasing plant F, cell wall and oxalate Ca levels were 
reduced, which might suggest less excess Ca was available for storage as Ca oxalates. 
Since F readily reacts with Ca to form precipitates, the possibility of F reaching toxic 
levels in recycled solutions is low (Appendix B). 
IODINE AVAILABILITY 
The other halide tested, iodine, provided some interesting results in terms of 
bioavailability and plant effects. The most likely iodine form to be found in an ALS and 
many soils is r. Based on our data, plant toxicity was in the following order : 12(aq) >> r > 
103-. The literature suggests that it is the 12 form that damages photosynthetic processes . 
Therefore, r would have to be oxidized to Ii within the plant to create the greatest 
damage. In the case oflo 3· the literature also suggests that the plant mostly (if not 
exclusively) takes up rover 103-. Since r transport is apparently restricted to the xylem, 
very little l is transferred to grain. This may pose a problem in regions that are trying to 
supplement food via l fertilization practices. Of the many valence states, only b(aq) has 
been determined to be bactericidal, which is why it is being studied as a soil disinfectant 
as well as a water disinfectant treatment in ALS. Our data suggest that low doses ( < 10 
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µM) of h(aq) were toxic to rice plants even though contact time was under 48 hours. 
Since h(aq) is readily reduced tor, the addition of HA hastened h(aq) reduction tor and 
subsequently lessened plant toxicity . Rhizosphere bacterial communities were also 
affected by h( aq), where densities temporarily declined and community shifts were 
towards more opportunistic species. Of those species that survived , numbers greatly 
rebounded to densities greater than before iodination . These results may pose an 
interesting challenge to an ALS water iodination system. If iodination-resistant bacteria 
inhabit treated water, could they eventually dominate a hydroponic system where 
competition is not as great as might be found in natural systems? In our study , 
Xanthomonas gardneri thrived in the post-iodinated solution. Notwithstanding it is a 
somewhat innocuous pest in soils, Xanthomonas might not remain innocuous in an 
isolated system millions of miles away, with perhaps less competition to keep it or some 
other resistant species in check. 
Although mostly overlooked until recent years, the rhizosphere and its effect on 
nutrient bioavailability are extremely important in the overall health and productivity of 
plants . These series of studies have shown that nutrient bioavailability is controlled by a 
combination of biological, geochemical, and electrochemical processes. Specific future 
goals may include : 1) developing of stability constants for humic substances from soluble 
waste streams in order to better predict metal complexing; 2) optimizing the synthetic 
chelate-phytosiderophore-humic substances ratios in order to optimally meet metal 
complexing requirements; and 3) continuing nutrient cycling model development for 
ALS as well as natural systems. Improving nutrient uptake via the optimization of 
rhizosphere processes may not lead to great crop productivity advances for plants grown 
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under favorable environments, but by manipulating the rhizosphere via organic 
complexing agents, chemical activities, and plant selection, we have shown that we can 
improve plant productivity where conditions are suboptimal. This will become 
increasingly important as quality cropland disappears and for future space colonies, 
where equipment and supply problems may challenge life-sustaining cropping systems . 
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APPENDIX A. SUPPLEMENT ARY TISSUE ANALYSES 
Table A-1. Complexing agent effect on elemental shoot and root composition at 39 days after transplant (DAT) (n = 3). 
Complex Fe Cu Zn p K Ca Mgt s Mn B Mo 
mM mg ki1 
shoots 
HEDTA 93.0 at 18.0 C 134 b 8367 b 28833 ab 3152 a 3047 a 2610 b 221 C 20.0 a 3.7 b 
0.1 HEDTA 38.5 C 39.2 a 615 a 11117 a 29000 ab 2632 b 2517 a 3343 a 758 a 33.7 a 8.7 a 
HA 69.5 b 19.2 C 69 b 8850 b 31067 a 2980 ab 3133 a 3152 a 371 be 24.8 a 9.5 a 
NC 68.2 b 29.5 b 93 b 9217 ab 27317 b 2752 ab 3135 a 3315 a 601 ab 24.8 a 8.5 a 
P-valuet < 0.0001 0.0002 < 0.0001 0.0187 0.0429 0.0181 0.0482 0.0001 0.0023 0.0982 0.0067 
roots 
HEDTA 3012 C 162 ab 110 b 7467 C 28933 b 2203 a I 812 a 2157 b 21.2 b 28.7 b 4.7 b 
0.1 HEDTA 6650 b 220 a 556 a 12533 a 33167 ab 2243 a 1430 a 2838 a 73.8 a 80.7 a 8.2 ab 
HA 1283 d 43 b 31 b 9600 b 37383 a 2985 a 1825 a 3120 a 61.3 ab 27.7 b 11.3 ab 
NC 10383 a 160 ab 49 b 13003 a 34483 a 2802 a 1455 a 2878 a 76.0 a 47.3 b 14.3 a 
P-valuet < 0.0001 0.0140 < 0.0001 < 0.0001 0.0066 0.1635 0.0200 0.0002 0.0162 0.0023 0.0171 
t Although the ANOV A resulted in a significant treatment effect, the means were not found to be different, as determined with the 
Tukey test (alpha= 0.05). 
t Mean separation by Tukey test. Means within a column followed by the same letters are not significantly different at P = 0.05. 
-0\ 
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Table A-2. Halide effect on germination and total root length of 6-day-old rice 
seeds. 
Halide concentration Germination 
Treatment t (mM) (%) 
Control ( deionized H20) 0 93 
Cl 1 100 
Cl 2 100 
Cl 4 97 
F 1 97 
F 2 97 
F 4 93 
I-way ANOVA ns t 
t The Cl and F treatments were added as KCI and KF, respectively. 
t Treatment effects were not significant at P = 0.05. 
Root length 
(mm) 
29 
29 
24 
29 
28 
27 
22 
ns 
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Table A-3. The effect of KF treatment and pH on rice germination and root length 
at 5 days. 
PH buffer 
DI water 
6.5 
5.5 
4.5 
3.5 
HF activit y 
mM 
0.0 
1.76 X 10"3 
1.75 X 10"2 
0.71 
1.36 
Germination 
OmMKF 1 6mMKFt 
% % 
86.7 
90.0 76.7 a 
93 .3 66.7 a 
73.3 * 40.0 ab 
93.3 23.3 b 
Root Length 
OmMKF 1 6mMKF t 
mm mm 
20 
19 11 a 
22 7 ab 
19 3b 
12* 3b 
t Mean separation by Dunnett's test. Means within a column followed by an asterisk(*) 
are significantly different from DI water control at P = 0.05. 
t Mean separation by Tukey t-test. Means within a column followed by the same letters 
are not statistically different at P = 0.05 . 
Table A-4. Effect of F and extra Ca on elemental shoot and root composition at 63 days after transplant (DAT) (n = 3). 
Solution F Ca p K Mg s Fe Mn Zn Cu B 
mM mg kg-I 
shoots 
0.0 5163 a 12950 a 36583 a 3978 a 2743 a 136.8 a 250.2 a 304.0 a 25.67 a 26.17 a 
0.5 3097 b 12917 a 22550 a 3632 a 2802 a 154.2 a 265.5 a 276.7 a 26.33 a 23.83 a 
1.0 3615 b 15833 ab 22083 a 4063 a 2827 a I 01.8 a 473.0 b 165.0 b 27 .00 a 46.50 a 
2.0 3753 b 17583 b 20533 a 3605 a 2822 a 119.0 a 735.0 C 140.3 b 27.00 a 91.83 b 
2.0 + 2x Ca 4068 ab 14633 ab 20633 a 3688 a 2827 a 144.3 a 461.7 b 144.0 b 24.33 a 51.67 a 
P-valuet 0.0054 0.0069 0.2531 0.3448 0.9054 0.6647 <0.0001 0.0012 0.5156 0.0009 
roots 
0.0 2107 at 10000 a 22483 at 1298 a 2587 a 3855 at 13.67 a 117.7 a 371.0 a 16.00 a 
0.5 2307 a 9067 a 15000 b 1002 b 2505 ab 7183 ab 14.83 a 144.7 a 399.2 a 20.67 a 
1.0 2650 a 7583 a 10083 C 815 C 2233 be 8350 ab 29.83 ab 102.8 ab 321.7 C 13.67 a 
2.0 6313 b 7050 a 6683 d 750 e 1982 e 10400 b 42.83 b 68.7 b 143.5 C 24.83 a 
2.0 + 2x Ca 51200 C 9850 a 9367 cd 1408 a 2275 be 5550 ab 26 .50 ab 77.0 ab 230 .0 b 13.67 a 
P-valuet <0.0001 0.0610 <0_0001 <0.0001 0.0015 0.0293 0.0194 0.0011 <0.0001 0.3218 
t One-way ANOV A performed on log transformed data. 
t Mean separation by Tukey test Means within a column followed by the same letters are not significantly different at P = 0.05. 
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Fig. A-1. Effect of Si and complexing agent on nutrient solution element 
composition over time. Each point represents the average of three replicates. 
SEM = standard error of the mean. 
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Fig. A-2. Effect of Si and complexing agent on shoot and root macronutrient 
concentrations. The NC did not have replication since there was not adequate 
tissue for analysis. The HED and HA treatments represents the average of three 
replicates. Vertical bars = standard errors. 
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Fig. A-3. Effect of Si and complexing agent on shoot and root micronutrient 
concentrations. The NC did not have replication since there was not adequate 
tissue for analysis. The HED and HA treatments represents the average of three 
replicates. Vertical bars = standard errors . 
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Fig. A-4. Iron extraction series from study I, without (a) or with (b) Si. The MgCI2 
extraction represents exchangeable Fe and was less than 3 mg kg-1 for all 
treatments. The acid (HCI) extraction represents Fe-oxides. The DCB extraction 
represents more crystalline Fe3+ solids or amorphous Fe2+ solids. The residual 
component represents Fe remaining in the root tissue. 
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Fig. A-5. Effect of complexing agent on shoot nutrient concentrations. Each point 
represents the average of three replicates. Vertical bars = standard errors. 
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APPENDIX B. SIMULATION MODELS OF F AND I CYCLING IN A 
BIOREGENERA TIVE LIFE SUPPORT SYSTEM 
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ABSTRACT 
Nutrient recycling in a Bioregenerative Life Support System will require 
knowledge of nutrient dosage effects on crop production, plant tissue partitioning , and 
geochemical fates within crop systems. The fates of fluorine (F) and iodine (I), elements 
that are not essential to plants but found in human waste streams , were examined relative 
to these requirements. A chemical equilibrium model was used to assess nutrient redox 
and sorption reactions within the nutrient solution, and a simulation model was used to 
characterize the elemental mass transfers between the plant system and a human space 
mission crew. Simulation results suggest that plant and crew I uptake may become 
excessive if elemental I is used as a bactericidal water treatment for producing potable 
water. In contrast , F toxicity is unlikely if CaF 2 controls solution F activity at levels 
calculated by the model. 
MATERIALS AND METHODS 
A simulation software program (Stella 6.0, High Performance Systems, Hanover, 
NH) was used to individually model F and I stocks (amount residing in system 
components) and fluxes in a hypothetical BLSS. The model parameters included a single 
person crew, I 00% vegetarian diet using a plant system containing multiple-aged plants 
(steady-state) with a daily total biomass harvest of 1250 g dry mass, and external element 
resupply as required. This equated to 50 m2 crop growing area and a supporting nutrient 
solution volume of 500 L per person. The estimated crop production area requirements 
are somewhat large considering the high productivities that have been achieved with 
individual crop species (Bugbee and Salisbury, 1988; Edeen et al., 1993; Stutte et al., 
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1999) but it is a practical estimate assuming a mix of species and productivities 
(Wheeler et al., 1996). It was assumed that a human (70 kg) would ingest recommended 
daily quantities oftest elements, i.e., 4 mg F (211 µmoles) and 0.15 mg (118 µmoles) I, 
and excrete these amounts each day via waste products. It was also assumed that the 
waste processing system could recycle 100% of the elements and return them into the 
plant system. As a first approximation, target element partitioning into the edible 
biomass of non-grain crops was extrapolated from the shoot partitioning data gathered 
from the hydroponic rice studies . The following program is representative of a program 
for F cycling and allowing for CaF2 solids to form: 
STOCK: Edible(t) = Edible(t - dt) + (harvestable - consumption) * dt 
INITIAL Edible = 0 µmoles 
INFLOWS: 
harvestable = (salt_fraction*Plant)*(l-grain_fraction) 
OUTFLOWS: 
consumption = Edible 
STOCK: Human(t) = Human(t - dt) +(consumption+ resupply - excretion)* dt 
INITIAL Human = 211 µmoles 
INFLOWS: 
consumption= Edible 
resupply= If (Edible<211) then (211-Edible) else 0 
OUTFLOWS: 
excretion= Human 
STOCK: Nutrient_Tank(t) = Nutrient_Tank(t - dt) + (recovery - plant_uptake -
CaF _solids)* dt 
INITIAL Nutrient_Tank = 0 µmoles 
INFLOWS: 
recovery= Waste_Processor 
OUTFLOWS: 
plant_uptake = (tissue_composition*total_biomass)-CaF _solids 
CaF _ solids = (0.0002 *salt_ conc"2+.4587*salt_ conc)*solution _ volume 
STOCK: Plant(t) = Plant(t - dt) + (plant_uptake - inedible_waste - harvestable) * dt 
INITIAL Plant = 0 µmoles 
INFLOWS: 
plant_uptake = (tissue_composition*total_biomass)-CaF _solids 
OUTFLOWS: 
inedible waste = Plant-harvestable 
harvestable = (salt_fraction*Plant)*(l-grain_fraction) 
STOCK: Waste_Processor(t) = Waste_Processor(t - dt) +(excretion+ 
inedible_waste - recovery)* dt 
INITIAL Waste_ Processor = 0 µmoles 
INFLOWS: 
excretion = Human 
inedible waste = Plant-harvestable 
OUTFLOWS: 
recovery= Waste_Processor 
grain_fraction = 1 
salt cone= Nutrient Tank/solution volume 
- - -
salt_fraction = (-0.0002 *salt_ conc)+0.8625 
solution volume = 500 
tissue_ composition = (0.00001 *salt_ conc"2)+(0.003 *salt_ cone) 
total_biomass = (-0.515*salt_conc)+1250 
RESULTS AND DISCUSSION 
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The basic simulation scenario is given (Fig. B-1 ). The model has three main 
components, stocks ( D ), flows (valves), and converters ( ). The stocks are reservoirs 
that accumulate the target element, thus they can be both sources and sinks . The flows 
represent pipes that deliver materials to and from stocks. The converters are equations 
and coefficients used to help define and regulate the flows . The dashed lines with arrows 
(connectors) represent dependencies (relationships) between converters and flows. For 
example, excretion (a flow) is dependent on the Human stock; resupply (flow) is 
dependent on how much target element exists in the Edible stock; plant uptake (flow) is 
dependent on total biomass (converter)+ tissue composition (converter)+ CaF 2 solid 
phase (flow) equations (Fig. B-1 ). The resupply flow represents importation of the target 
element from outside the system into the human diet. This would occur if sub-adequate 
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Fig. B-1. A schematic representation of element cycling in a biological life support 
system. The CaF 2 solids stock (solid phases flow) was not included in the I 
cycling scenario. 
amounts were being provided to the Human stock via the Edible stock. The grain 
fraction converter (Fig. B-1) is the proportion of food supplied by grain crops . Based on 
data from our hydroponic studies , we assumed that grains would not accumulate F or I. 
Therefore , if grain fraction = 1, then no elements will enter the Human stock from plants 
(100% resupply required). Based on this simple design, different scenarios were 
simulated for each element. 
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Fluorine 
Since F will primarily exist as F and HF in the BLSS, the model simulated total 
soluble F effects. Without considering any F precipitate formation, no F from crops 
(grain fraction = 1 ), and a human intake of 211 µmoles per day, total plant biomass 
dropped 10% within 1.6 years, with a corresponding nutrient solution F concentration of 
0.24 mM. With 20% as non-grain crops, total biomass dropped approximately 9% by the 
eighth year and resupply was no longer required. With 40% non-grain crops, resupply 
ended in 6.8 years. However, we know that F readily forms low solubility precipitates 
with Ca. Based on the GEOCHEM-PC modeling results and no crop recycling (100% 
resupply), nearly all the human excreted F would become tied up in a solid phase with the 
nutrient solution Ca. This resulted in a nutrient solution background F concentration of 
approximately 1 µM which had no affect on plant productivity. Based on these 
simulations, it appears that F may not reach toxic levels in a BLSS as long as the solid 
phase (CaF2) remains insoluble. 
Iodine 
The prominent I species for supplementing the human diet [118 µmoles (15 mg)] 
is r. In addition, the various organic I species found in humans are transformed tor by 
the time it leaves the body via urine (Michalke and Schramel, 1999). If no crops are used 
to provide I (grain fraction = 1 ), then plant productivity would drop 10% within seven 
years and a corresponding nutrient solution I concentration would equal 3.4 µM. If 20% 
of the crop mix were non-grain crops, the plants could meet the entire human requirement 
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by 294 days (9.5 months) or 162 days (5 months) with 40% of the food provided as 
non-gram crops. 
A potential problem exists if water iodination is used as a bactericidal treatment. 
Recent work by Wiederhoeft and Schultz (1999) showed that they could reduce post-
iodination residual r in potable water from approximately 2 to 0.28 ppm (2.2 µM). With 
a daily water allotment of approximately 25 L per person (Parker et al., 1999), the system 
must then accept an additional 55 µmoles ofl each day. Based on the simulation ( 40% 
non-grain crops) , human I ingestion would double within 5 days and total plant biomass 
would drop 10% within 61 days (Fig. B-2) . Based on the simulation results, the 
acceptable limits for residual I should be lowered . If residual I could be decreased 90%, 
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Fig. B-2. Example of a simulation of I cycling in a bioregenerative life support 
system having an iodination water treatment. With a residual 55 µmoles of I 
each day, plant I toxicity may occur within a couple of months. 
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then the system could run for 663 days (1.8 years) before reaching a 10% drop in 
plant biomass (nutrient solution I = 3.6 µM), with a corresponding 3% increase in daily 
human intake. 
SUMMARY 
The process of characterizing element cycling through a BLSS requires inputs at 
several levels . Based on reasonable inputs, simulations may be constructed to help guide 
the development of a BLSS and warn of potential pitfalls resulting from a particular 
operational scenario. This work attempted to use plant and geochemical data to construct 
simple simulations of human essential element cycling in a BLSS . 
The daily addition of F to a BLSS might not result in any nutrient solution F 
accumulation because of the formation of CaF 2 solids in nutrient solutions containing Ca 
at levels that meet plant demands. Iodine cycling also reached an acceptable steady state 
level in the simulation model until residual I was also added to the system via bactericidal 
water treatment. Even the low residual I levels that are now accepted by NASA could 
potentially lead to I toxicities in both plant and human systems within months of 
operation. 
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APPENDIX C. STATISTICAL ANALYSES 
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Table C-1. ANOV A tables for parameters cited in Chapter 3. 
Dependent Variable: Total Dry Mass (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) 2 19.36 9.682 35 .69 0.0001 
Si 1 0.04135 0.04135 0.15 0.7031 
CAx Si 2 0.2375 0.1187 0.44 0.6554 
Error 12 3.255 0.2713 
Total 17 22.8939 
Dependent Variable : Total Dry Mass with pooled Si (study I) (n = 6). 
Source DF ss MS F value Pr> F 
Treatment 2 19.336 1 9.6680 41.05 0.0001 
Error 15 3.5324 0.2355 
Total 17 22.8685 
Dependent Variable : Total Dry Mass (study II) (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 3 57.3144 19.1048 18.67 0.0006 
Error 8 8.1847 1.0231 
Total 11 65.4991 
Dependent Variable : Shoot P concentration (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) 1 11650000 11650000 22 .74 · 0.0014 
Si 1 2995000 2995000 5.84 0.0420 
CAx Si 1 5817000 5817000 11.35 0.0098 
Error 8 4100000 512500 
Total 24562000 
Dependent Variable: Shoot P concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error rz t-value Pr> F 
HEDTA 10 10170 93 0.474 3.004 0.0133 
HA 10 12140 650 
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Table C-1 - continued 
Dependent Variable: Root P concentration (study I) (n = 3). 
Source DF ss MS F value Pr>F 
Complexing agent (CA) I 4941000 4941000 3.888 0.0841 
Si I 460200 460200 0.362 0.5640 
CAx Si I 1056000 1056000 0.831 0.3886 
Error 8 10170000 1271000 
Total 16620000 
Dependent Variable: Shoot Fe concentration (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) I 5819 5819 84.56 0.0001 
Si I 41.26 41.26 0.60 0.4610 
CAx Si I 44.66 44.66 0.65 0.4438 
Error 8 550.5 68.82 
Total 6455 
Dependent Variable: Shoot Fe concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error r2 t-value Pr> F 
HEDTA IO 107 3.57 0.90 9.562 0.0001 
HA 10 63 2.92 
Dependent Variable: Root Fe concentration (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) I 20330000 20330000 9.885 0.0137 
Si 1 29400 29400 0.014 0.9078 
CAx Si 1 137800 137800 0.067 0.8023 
Error 8 16450000 2056000 
Total 36940000 
Dependent Variable: Root Fe concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error rz t-value Pr> F 
HEDTA 10 4947 735 0.5502 3.497 0.0058 
HA 10 2344 120 
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Table C-1 - continued 
Dependent Variable: Shoot Cu concentration (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) 1 619 .2 619.2 186.5 0.0001 
Si I 15.9 15.9 4 .8 0.0603 
CAx Si 1 5.9 5.9 1.8 0.2200 
Error 8 26 .6 3.321 
Total 667 .5 
Dependent Variable : Shoot Cu concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error r2 t-value Pr> F 
HEDTA 10 18.0 0.3 0.9276 11.32 0.0001 
HA 10 32.4 1.2 
Dependent Variable: Root Cu concentration (study I) (n = 3). 
Source DF ss MS F value Pr>F 
Complexin g agent (CA) I 391800 391800 161.2 0.0001 
Si 1 326 326 0.1 0.7239 
CAxSi 1 701 701 0.3 0.6059 
Error 8 19450 2431 
Total 412300 
Dependent Variable: Root Cu concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error r2 t-value Pr> F 
HEDTA 9 99 7 0.9456 12.51 0.0001 
HA JO 460 25 
Dependent Variable : Shoot Zn concentration (study I) (n = 3). 
Source DF ss MS F value Pr>F 
Complexing agent (CA) I 271800 271800 112.2 0.0001 
Si I 9185 9185 3.8 0.0873 
CAxSi 1 120 120 0.0 0.8292 
Error 8 19370 2421 
Total 300500 
Dependent Variable: Shoot Zn concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error r2 t-value Pr>F 
HEDTA 10 213 19 0.9046 9.736 0.0001 
HA JO 514 24 
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Table C-1 - continued 
Dependent Variable: Root Zn concentration (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) I 288000 288000 56.3 0.0001 
Si I 2324 2324 0.5 0.5193 
CAx Si I 2380 2380 0.5 0.5145 
Error 8 40930 5117 
Total 333600 
Dependent Variable : Root Zn concentration with pooled Si (study I) (n = 6). 
Treatment DF Mean Std. Error r2 t-value Pr>F 
HEDTA 10 220 26 0.8632 7.944 0.0001 
HA 10 530 29 
Dependent Variable: Shoot P (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 13050000 4350000 6.047 0.0187 
Error 8 5755000 719400 
Total 11 18810000 
Dependent Variable : Root P (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 61390000 20460000 39 0.0001 
Error 8 4195000 524400 
Total II 65580000 
Dependent Variable: Shoot Fe (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 4487 1496 30.6 0.0001 
Error 8 391 48.83 
Total 11 4877 
Dependent Variable: Root Fe (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 147l00000 49030000 126 0.0001 
Error 8 3123000 390400 
Total 11 150200000 
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Table C-1 - continued 
Dependent Variable: Shoot Cu (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 8886.4 295.5 27.07 0.0002 
Error 8 87.3 10.9 
Total 1 1 973.7 
Dependent Variable : Root Cu (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 49817 16606 6.47 0.0140 
Error 8 19720 2465 
Total 11 69538 
Dependent Variable : Shoot Zn (study II) (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 3 606700 202200 146 0.0001 
Error 8 11110 1389 
Total 11 617800 
Dependent Variable: Root Zn (study II) (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 557400 185800 161 0.0001 
Error 8 9237 1155 
Total 11 566700 
Dependent Variable: Extracted root Fe (study I) (n = 3). 
Source DF ss MS F value Pr>F 
Complexing agent (CA) 2 266800 133400 35.07 0.0001 
Si I 3066 3066 0.81 0.3886 
CAxSi 2 1778 889 0.23 0.7954 
Error 11 41850 3804 
Total 16 313494 
Dependent Variable: Extracted root Fe with pooled Si (study I) (n = 6). 
Source DF ss MS F value Pr>F 
Treatment 2 292261 146130 52 0.0001 
Error 12 33722 2810 
Total 14 325983 
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Table C-1 - continued 
Dependent Variable: Extracted root Si (study I) (n = 3). 
Source DF ss MS F value Pr>F 
Complexing agent (CA) 2 133.4 66.71 2.548 0.1232 
Si I 4.154 4.154 0.159 0.6980 
CA x Si 2 9.048 4.524 0.173 0.8436 
Error 11 228 26.18 
Total 16 374 .6 
Dependent Variable: Extracted root P (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) 2 186000 92990 14.52 0.0008 
Si 1 349 349 0.05 0.8197 
CAx Si 2 9079 4539 0.71 0.5135 
Error 11 70470 6406 
Total 16 265898 
Dependent Variable: Extracted root P with pooled Si (study I) (n = 6). 
Source DF ss MS F value Pr> F 
Treatment 2 193676 96838 16.98 0.0002 
Error 14 79860 5704 
Total 16 273536 
Dependent Variable: Extracted root Ca (study I) (n = 3). 
Source OF ss MS F value Pr> F 
Complexing agent (CA) 2 808600 404300 4. 17 0.0422 
Si 1 85970 85970 0.89 0.3649 
CAx Si 2 25730 12870 0. 13 0.8770 
Error 12 I 163000 96960 
Total 17 2084000 
Dependent Variable: Extracted root Ca with pooled Si (study I) (n = 6). 
Source DF ss MS F value Pr>F 
Treatment 2 808636 404318 4.76 0.0251 
Error 15 1275178 85012 
Total 17 2083814 
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Table C-1 - continued 
Dependent Variable: Extracted root S (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) 2 6384 3192 8.77 0.0045 
Si I 313 313 0.86 0.3722 
CA x Si 2 1044 522 1.44 0.2761 
Errm 12 4365 364 
Total 17 12110 
Dependent Variable : Extracted root S with pooled Si (study I) (n = 6). 
Source DF ss MS F value Pr> F 
Treatment 2 6294 3147 8.25 0.0038 
Error 15 5722 381 
Total 17 12016 
Dependent Variable : Extracted root Mn (study I) (n = 3). 
Source DF ss MS F value Pr> F 
Complexing agent (CA) 2 20770 10390 8.31 0.0054 
Si I 10.89 10.89 0.01 0.9272 
CA x Si 2 1447 724 0.58 0.5753 
Error 12 15000 1250 
Total 17 37230 
Dependent Variable: Extracted root Mn with pooled Si (study I) (n = 6). 
Source DF ss MS F value Pr>F 
Treatment 2 20775 10387 9.47 0.002 
Error 15 16454 1097 
Total 17 37229 
190 
Table C-2. ANOV A tables for parameters cited in Chapter 4. 
Dependent Variable: Total biomass (n = 3). 
Non-linear mixed model (repeated measures) 
Logistics curve: (BT+ u1) .;- [1 + exp( v~~~:ge )] 
where BT= 89.84, V50 = 54.70, and slope= 13.13 
Treatment N Mean Std Min Max. r2 
Predicted value 120 21.990 22.359 1.150 86.79 0.983 
Biomass 120 19.713 22.606 0 88.00 
Fixed Effects 
Effect DF (groups) DF (obs) F value Pr> F 
BT I 102 269 .6 0.0001 
V50 1 102 1670.8 0.0001 
Slope I 102 201.8 0.0001 
Treatment 4 102 2.7 0.0335 
Dependent Variable : Acid addition s (n = 3). 
Source DF ss MS F value Pr > F 
Treatment 3 434899 144966 2.81 0.108 
Error (a) 8 412168 51521 
Date 72 19304686 268121 237.91 0.001 
Error (b) 144 162263 1127 
Total days 216 225266 1043 1.69 0.001 
Error (c) 432 266514 617 
Total 875 20805794 
Dependent Variable : Water use efficiency (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 3 0.1218 0.0406 0.32 0.8093 
Error 8 l.0076 0.12595 
Total 11 1.1294 
Dependent Variable : Acid-base efficiency (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 3 0.0174 0.0058 2.00 0.1932 
Error 8 0.0232 0.0029 
Total 11 0.0406 
Dependent Variable: Titrations (n = 3). 
Source DF ss MS F value Pr>F 
Treatment 3 1.0326 0.3442 1652 0.0001 
Error 8 0.0017 0.0002 
Total 11 1.0343 
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Table C-2 - continued 
Dependent Variable: Leaf Fe (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 2 2431 1216 2 .60 0.221 
Age 5 9671 1934 1.02 0.440 
Treatment x Age 10 21824 2182 1.15 0.389 
Error 15 28403 1894 
Total 32 62329 
Dependent Variable : Leaf Mn (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 2 5865 2933 0.37 0.721 
Age 5 69420 13884 9.46 0.000 
Treatment x Age 10 23927 2393 1.63 0.190 
Error 15 22010 1467 
Total 32 121223 
Dependent Variable: Leaf Cu (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 2 611.34 305 .67 137.12 0.001 
Age 5 574.44 114.89 47 .06 0.000 
Treatment x Age 10 154.93 15.493 6.35 0.001 
Error 15 36 .62 2.441 
Total 32 1377.33 
Dependent Variable: Leaf Zn (n = 3). 
Source DF ss MS F value . Pr> F 
Treatment 2 199363 99682 132.13 0.001 
Age 5 44231 8846 15.52 0.000 
Treatment x Age 10 22861 2286 4 .01 0.008 
Error 15 8551 570 
Total 32 275007 
Table C-3. ANOV A tables for parameters cited in Chapter 5. 
Dependent Variable : Relative growth rate (RGR) (study 1) (n = 3). 
Source DF ss MS F value Pr> F 
Treatment 8 0.2136 0.02670 70.6 0.0001 
Age 3 0.2408 0.08028 39.9 0.0001 
RGRx Age 24 0.09261 0.00386 10.2 0.0001 
Subjectt 8 0.0161 0.002012 5.3 0.0001 
Error 64 0.02422 0.00038 
Total 107 0.5873 
tTests for the effectiveness of using repeated measures (Graphpad Software, Inc., San Diego , CA) 
Dependent Variable: 
Source 
Treatment 
Error 
Total 
Total biomass (study 2) (n = 3). 
DF SS MS F value 
4 225.1 56.27 21.6 
10 26.06 2.61 
14 251.1 
Pr>F 
0.0001 
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Dependent Variable : Root F (study 1) with no NC treatment or 4 mM F (n = 3). 
Source DF 
Complex ing agent (CA) I 
Fluoride (F) I 
CAx F I 
Error 8 
Total 11 
Dependent Variable: 
Source DF 
Complexing agent (CA) I 
Fluoride (F) 2 
CAxF 2 
Error 11 
Total 16 
Dependent Variable: 
Source DF 
Complexing agent (CA) I 
Fluoride (F) I 
CAxF 1 
Error 8 
Total 11 
SS MS F value Pr > F 
1940000 1940000 0.76 0.4102 
66000000 66000000 25.70 0.0010 
1998000 1998000 0.78 0.4035 
20550000 2569000 
90490000 
Stem F (stud y 1) with no NC treatment (n = 3). 
SS MS F value 
742000 742000 0.03 
489900000 245000000 10.01 
543700 271900 0.01 
269300000 24480000 
Pr> F 
0.8654 
0.0033 
0.9890 
LeafF (study 1) with no NC treatment or 4 mM F(n = 3). 
SS MS F value Pr> F 
104700 104700 1.36 0.2778 
5166000 5166000 66.88 0.0001 
109500 I 09500 I .42 0.2680 
618000 77250 
5999000 
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Table C-3 - continued 
Dependent Variable: Chaff F (study 1) with no NC treatment or 4 mM F(n = 3). 
Source DF SS MS F value Pr> F 
Complexing agent (CA) 
Fluoride (F) 
I 73.66 73.66 0.53 0.4871 
I 3884 3884 27.98 0.0007 
CAxF I 99.13 99.13 0.71 0.4226 
Error 8 1110 138.8 
Total 11 5167 
Dependent Variable: 2 mM F partitioning (study 1), using log transformed data 
with no NC treatment (n = 6). 
Source DF 
Treatment 4 
Error 25 
Total 29 
ss 
54.90 
2.762 
57.66 
MS 
13.72 
0.1105 
F value 
124 
Pr> F 
0.0001 
Dependent Variable: 4 mM F partiti oning (study 1 ), using log transformed data 
with no NC treatment (n = 6) . 
Soune DF 
Treatment 3 
Error 20 
Total 23 
Dependent Variable: 
Source DF 
Treatment 8 
Time 2 
Treatment x Time 16 
Error 54 
Total 80 
Dependent Variable: 
Source DF 
Treatment 8 
Time 1 I 
Treatment x Time 88 
Subjectt 24 
Error 192 
Total 323 
ss 
15.59 
1.177 
16.77 
MS 
5.196 
0:05884 
F value 
88 
Pr> F 
0.0001 
Solution Ca (study 1), with no NC treatment (n = 3). 
SS MS F value Pr > F 
12.98 1.622 35 0.0001 
17.46 8.730 188 · 0.0001 
17.72 1.108 24 0.0001 
2.512 0.0465 
50.67 
Solution dissolved organic carbon (DOC) (study 1) (n = 3). 
SS MS F value Pr> F 
37.22 4.653 529.2 0.0001 
0.4556 0.04142 2.9 0.0130 
1.512 0.01718 2.0 0.0001 
0.3372 0.01405 1.6 0.0445 
1.688 0.008791 
41.21 
tTests for the effectiveness of using repeated measures (Graphpad Software, Inc., San Diego, CA) 
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Table C-3 - continued 
Dependent Variable : 
Source 
Treatment 
Error 
Total 
Dependent Variable: 
Source 
Treatment 
Error 
Total 
Dependent Variable: 
Source 
Treatment 
Error 
Total 
Dependent Variable : 
Source 
Treatment 
Error 
Total 
Dependent Variable: 
Source 
Treatment 
Extraction solvent (ES) 
Treatment x ES 
Error 
Total 
Dependent Variable : 
Source 
Treatment 
Extraction solvent (ES) 
Treatment x ES 
Error 
Total 
Shoot F, using log transformed data (study 2) (n = 3). 
DF SS MS F value Pr > F 
4 2.891 0.7228 34.7 0.0001 
10 0.2084 0.02084 
14 3.100 
Root F, using log transformed data (study 2) (n = 3). 
DF SS MS F value Pr > F 
4 13.44 3.359 105 0.0001 
10 0.3186 0.03186 
14 13.75 
Shoot Ca (study 2) (n = 3) . 
DF SS MS F value 
6.61 
Pr> F 
0.0072 4 7094000 1774000 
IO 2684000 268400 
14 9778000 
Shoot Ca using log transformed data (study 2) (n = 3). 
DF SS MS Fvalue Pr > F 
4 4.068 1.017 208 0.0001 
IO 0.04883 0.00488 3 
14 4.116 
Ca extractions (study 1) (n = 3). 
DF ss MS 
2 452500 226200 
2 721 l000 3606000 
4 2533000 633300 
9 189700 21080 
17 10390000 
F extractions (study 1) (n = 3). 
DF ss MS 
I 256100 256I00 
2 173200 86580 
2 28420 14210 
6 6612 1102 
11 464300 
F value 
11 
171 
30 
F value 
232 
79 
13 
Pr> F 
0.0041 
0.0001 
0.0001 
Pr>F 
0.0001 
0.0001 
0.0067 
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Table C-4. ANOV A tables for parameters cited in Chapter 6. 
Dependent Variable: Root dry mass (n = 3). 
Source OF ss MS F value Pr>F 
Rep 2 4.9806 2.4903 
Treatment 6 10.4060 1.7343 11.11 0.0003 
0 mM I vs. rest 1 0.1111 0.1111 0.71 0.4159 
Among rest 5 10.2949 2.0590 13.19 0.0002 
I species (S) l 4.7645 4.7645 30.52 0.0001 
Level(L) 2 3.6560 1.8280 11.71 0.0015 
SxL 2 1.8744 0.9372 6.00 0.0156 
Error (a) 12 1.8730 0.1561 
Time (T) 2 30.2594 415 .1297 15.23 0.0135 
Error (b) 4 3.9738 0.9934 
Treatment x T 12 8.0232 0.6686 4.90 0.0001 
SxT 2 3.5508 1.7754 13.01 0.0001 
LxT 4 3.0701 0.7675 5.62 0.0024 
SxLxD 4 1.1304 0.2826 2.07 0.1164 
Error (c) 24 3.2767 0.1365 
Total 64 62.7927 
Dependent Variable : Stem dry mass (n = 3). 
Source OF ss MS F value Pr> F 
Rep 2 1118.965 59.482 
Treatment 6 858.867 143.145 15.23 0.0001 
0 mM I vs. rest 1 44.707 44.707 4.26 0.0497 
Among rest 5 814.16 162.832 17.32 0.0001 
I species (S) I 318.33 318.33 33.86 0.0001 
Level (L) 2 467.39 233 .69 24 .86 0.0001 
SxL 2 28.44 14.22 15.10 0.2601 
Error (a) 12 112.799 9.400 
Time (T) 2 1442.607 721.303 74.75 0.0007 
Error (b) 4 38.6 9.65 
Treatment x T 12 495.257 41.271 6.21 0.0001 
SxT 2 153.44 76.72 11.54 0.0003 
LxT 4 268 .15 67.04 10.08 0.0001 
SxLxD 4 26.94 6.73 1.01 0.42 I 9 
Error (c) 24 159.627 6.651 
Total 64 3226 .722 
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Table C-4 - continued 
Dependent Variable: Leaf dry mass (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 18.4602 9.2301 
Treatment 6 86.3156 14.3859 15.36 0.0001 
0 mM I vs. rest I 4.3796 4.3796 4.68 0.0514 
Among rest 5 81.936 16.387 17.49 0.0001 
I species (S) I 41.239 41.239 44.03 0.0001 
Level (L) 2 35.885 17.943 19.16 0.0002 
SxL 2 4.812 2.406 2.57 0.1178 
Error (a) 12 11.2403 0.9367 
Time (T) 2 139.4009 69.7005 77.31 0.0006 
Error (b) 4 3.6063 0.9016 
Treatment x T 12 44.2878 3.6907 5.29 0.0001 
SxT 2 17.923 8.962 12.84 0.0002 
LxT 4 19.966 4.992 7.15 0.0006 
SxLxD 4 3.154 0.788 1.13 0.3659 
Error (c) 24 16.75 0.6979 
Total 64 320.0612 
Dependent Variable: Chaff dry mass (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 7.7119 3.8560 
Treatment 6 100.9438 16.8240 32.80 0.0001 
0 mM I vs. rest 1 8.3938 8.3938 16.37 0.0016 
Among rest 5 92.55 18.51 36.09 0.0001 
I species (S) 1 30.858 30.858 60.16 0.0001 
Level (L) 2 52.425 26.213 51.11 0.0001 
SxL 2 9.267 4.634 9.03 0.0040 
Error (a) 12 6.1544 0.5129 
Time (T) 1 44.496 44.496 153.43 0.0065 
Error (b) 2 0.5800 0.29 
Treatment x T 6 16.9609 2.8268 3.32 0.0360 
SxT 1 1.575 1.575 1.85 0.1988 
LxT 2 4.473 2.237 2.63 0.1129 
SxLxD 2 6.35 3.175 3.73 0.0550 
Error (c) 12 10.2031 0.8503 
Total 41 187.0502 
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Table C-4 - continued 
Dependent Variable: Seed dry mass (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 4.9810 2.4905 
Treatment 6 23.6171 3.9362 6.85 0.002 
0 mM I vs. rest I 11.1966 11.1966 19.50 0.0008 
Among rest 5 12.4205 2.4841 4.33 0.0175 
I species (S) I 1.2272 1.2272 2.14 0.1692 
Level(L) 2 7.5152 3.7576 6.54 0.0120 
SxL 2 3.6781 1.8391 3.20 0.0769 
Error (a) 12 6.8906 0.5742 
Total 20 35.4887 
Dependent Variable : Canopy height (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 380.1 190.05 
Treatment 6 8747.56 1457.93 47 .35 0.0001 
0 mM I vs. rest 1 415 415 13.45 0.0032 
Among rest 5 8332.56 1666.51 54.13 0.0001 
I species (S) 1 2388. 17 2388 . 17 77.56 0.0001 
Level (L) 2 3563.6 1781.8 57.87 0.0001 
SxL 2 2380.79 1190.4 38.66 0.0001 
Error (a) 12 369.46 30.79 
Time (T) 8 28165.81 3520.73 170.91 0.0001 
Error (b) 16 329.52 20 .6 
Treatment x T 48 3841.97 80.04 12.53 0.0001 
SxT 8 1003.16 125.40 19.62 0.0001 
LxT 16 1682.95 105.18 16.46 0.0001 
SxLxD 16 816.21 51.01 7.98 0.0001 
Error (c) 96 613.59 6.39 
Total 188 
Dependent Variable: Cumulative water uptake (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 96907 48454.5 
Treatment 6 223950 37325 24.17 0.0001 
0 mM I vs. rest 1 6857 6857 4.44 0.0568 
Among rest 5 217093 43419.6 28.12 0.0001 
I species (S) I 75530 75530 48 .92 0.0001 
Level (L) 2 131723 65861.5 42.66 0.0001 
SxL 2 9840 4920 3.19 0.0775 
Error (a) 12 18533 1544.42 
Time (T) 107 2081180 19450.28 6.48 0.0001 
Error (b) 214 64240 300. 19 
Treatment x T 642 234710 366.59 12.62 0.0001 
SxT 107 78819 737.63 25.41 0.0001 
LxT 214 127151 594.16 20.48 0.0001 
SxLxD 214 13097 61.2 2.10 0.0001 
Error (c) 1284 37783 29.43 
Total 2267 3255243 
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Table C-4 - continued 
Dependent Variable: Transpiration stream concentration factor (n = 3). 
Source DF ss MS F value Pr> F 
lodin species (I)t I 0.132017 0.132017 26.42 0.0001 
Level(L) 2 0.091026 0.045513 9.11 0.0004 
IXL 2 0.024478 0.012239 2.45 0.0971 
Error 48 0.239889 0.004998 
Total 53 0.487406 
Dependent Variable: Root iodine (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 142684 71342 
Treatment 6 16638545 2773091 127.10 0.0001 
0 mM I vs. rest I 1011713 1011713 46.37 0.0001 
Among rest 5 15626832 3125366 143.24 0.0001 
I species (S) I 3407392 3407392 156.17 0.0001 
Level(L) 2 11219510 5609755 257.10 0.0001 
SxL 2 999930 499965 22.91 0.0001 
Error (a) 12 261832 21819 
Time (T) 2 173249 86624 3.22 0.1468 
Error (b) 4 107405 26864 
Treatment x T 12 1658126 138177 8.91 0.0001 
SxT 2 201286 100643 6.49 0.0075 
LxT 4 969546 242386 15.62 0.0001 
SxLxD 4 497935 124484 8.02 0.0007 
Error (c) 18 279235 15513 
Total 56 23540584 
Dependent Variable: Stem iodine (n = 3). 
Source DF ss MS F value Pr> F 
Rep 2 52198 26099 
Treatment 6 6648882 1108147 48.05 0.0001 
0 mM l vs. rest I 366675 366675 15.90 0.0018 
Among rest 5 6282207 1256441 54.48 0.0001 
I species (S) I 1357870 1357870 58.88 0.0001 
Level (L) 2 3165922 1582961 68.64 0.0001 
SxL 2 1758415 879207 38.13 0.0001 
Error (a) 12 276732 23061 
Time (T) 2 37100 18550 1.66 0.2986 
Error (b) 4 44815 11204 
Treatment x T 12 672000 56000 6.86 0.0001 
SxT 2 99248 49624 6.08 0.0073 
LxT 4 277559 69390 8.51 0.0002 
SxLxD 4 287536 71884 8.81 0.0002 
Error (c) 24 195802 8158 
Total 62 7927531 
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Table C-4 - continued 
Dependent Variable: Leaf iodine (n = 3 ). 
Source DF ss MS F value Pr>F 
Rep 2 98208 49104 
Treatment 6 23166326 3861054 57.34 0.0001 
0 mM I vs. rest 1 1116224 1116224 16.58 0.0015 
Among rest 5 22050102 4410020 65.49 0.0001 
I species (S) 1 4998371 4998371 74.23 0.0001 
Level (L) 2 10729599 5364800 94.53 0.0001 
SxL 2 6322132 3161066 46 .95 0.0001 
Error (a) 12 808012 67334 
Time (T) 2 1263042 631521 17.25 0.0108 
Error (b) 4 146429 36607 
Treatment x T 12 5092856 424405 11.66 0.0001 
SxT 2 752305 376152 10.33 0.0006 
LxT 4 2736172 684043 18.79 0.0001 
SxLxD 4 1390467 347617 9.55 0.0001 
Error (c) 24 873692 36404 
Total 62 31448564 
Dependent Variable : Chaff iodine (n = 3). 
Source OF ss MS F value Pr> F 
Rep 2 1976 988 
Treatment 5 46551.3 9310.3 7.46 0.0037 
Error (a) 10 12481.7 1248.2 
Time (T) 1 693.4 693.4 7.16 0.1159 
Error (b) 2 193.6 96.8 
Treatment x T 5 4499.2 899.8 2.18 0.1370 
Error (c) 10 4120 .8 412.1 
Total 35 70516 
Dependent Variable: Chaff iodine (n = 3). 
Source DF ss MS F value Pr>F 
Rep 2 8.111 4.056 0.98 0.407 
Treatment 5 219.778 43.956 10.66 0.001 
Error IO 41.222 4.122 
Total 17 269 .111 
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Table C-5. ANOVA tables for parameters cited in Chapter 7. 
Dependent Variable : 12 solution concentration after 1 hour (n = 3). 
Source DF ss MS F value Pr> F 
Iodine treatment (I) I 263 .203 263.203 449.3 0.0001 
Complexing agent (CA) I 34.003 34 .003 58.0 0.0001 
I xCA I 5.3333 5.3333 9.1 0.0166 
Error 8 4.6867 0.5858 
Total 11 307.227 
Dependent Variable: Relative growth rate (RGR) (n = 3). 
Source DF ss MS F value Pr>F 
Iodine treatment (I) 3 .03621 .01207 48.79 0.0001 
Complexing agent (CA) I .00268 .00268 10.83 0.0046 
Ix CA 3 .002079 .000693 2.80 0.0734 
Error 16 .003959 .0002474 
Total 23 .04493 
Dependent Variable: Leaf chlorophyll (n = 3). 
Source DF ss MS F value Pr> F 
Iodine treatment (I) 3 393300 13 I 100 211 .2 0.0001 
Complexing agent (CA) 1 5797 5797 9.3 0.0075 
Ix CA 3 12160 4052 6.5 0.0043 
Error 16 9931 620 .7 
Total 23 421200 
Dependent Variable: Shoot I using log transformed data (n = 3). 
Source DF ss MS F value Pr>F 
Iodine treatment (I) 3 19.94 6.645 1212 0.0001 
Complexing agent (CA) 1 0.07710 0.07710 14 0.0017 
I xCA 3 0.06128 0.02043 4 0.0332 
Error 16 0.08769 0.005481 
Total 23 20.16 
Dependent Variable : Root I using log transformed data (n = 3). 
Source DF ss MS F value Pr> F 
Iodine treatment (I) 3 30 .97 10.32 1012 0.0001 
Complexing agent (CA) I .02594 0.02594 3 0.1304 
IX CA 3 .08889 0.02963 3 0.0670 
Error 16 0.1632 0.01020 
Total 23 31.25 
Table C-5 - continued 
Dependent Variable: 
(n = 3). 
Source DF 
Treatment 1 
Time 6 
Treatment x Time 6 
Error 28 
Total 41 
Dependent Variable : 
(n = 3). 
Source DF 
Treatment I 
Time 6 
Treatment x Time 6 
Error 28 
Total 41 
Dependent Variable : 
Source DF 
Treatment I 
Time 6 
Treatment x Time 6 
Error 27 
Total 40 
Dependent Variable : 
Source DF 
Treatment 2 
Time 1 
Treatment x Time 2 
Error 12 
Total 17 
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Viable bacterial cell numbers using log transformed data 
ss MS F value Pr>F 
0.07976 0.07976 1.0 0.3341 
68.49 11.41 138.2 0.0001 
8.523 1.421 17.2 0.0001 
2.312 0.08257 
79.40 
Total bacterial cell numbers using log transformed data 
ss 
.6602 
11.33 
1.622 
0.8560 
14.47 
MS 
0.6602 
1.888 
0.2703 
0.03057 
F value 
8.84 
21.60 
6 1.76 
Ratio of viable /total cell numbers (n = 3). 
SS MS F value 
0.04134842 0.04134842 1.19 
2.10277037 0.35046173 10.10 
0.12386747 0.02064458 0.59 
0.93705341 0.03470568 
3.205040 
Pr> F 
0.0001 
0.0001 
0.0001 
Pr>F 
0.2847 
0.0001 
0.7317 
Diversity index for 144 and 312 hours only (n = 3 ). 
SS MS F value Pr > F 
4.213 2.107 23 .58 0.0001 
0.2473 0.2473 2.77 0.1220 
1.185 0.5925 6.63 0.0115 
1.072 0.08934 
6.717 
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